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ABSTRACT
Unicellular green algae, like Chlamydomonas reinhardtii, are able to grow
photoautotrophically at low levels of C 0 2. The efficient growth at low C 0 2 levels is
a reflection of the C 0 2 concentrating mechanism that is induced when cells are
adapted to low C 0 2 levels. In this dissertation, the effect of C 0 2 on carbonic
anhydrase and other proteins in C. reinhardtii is discussed.
In the first part of the dissertation, the isolation and purification of a new
isoenzyme of carbonic anhydrase is reported. This carbonic anhydrase is present
when cells are grown in high C 0 2 but absent in low C 0 2. It is located in the
periplasm. N-terminal sequencing of the large and small subunit of this carbonic
anhydrase showed that it is the protein product of the cah2 gene.
In the second part of the dissertation, the effect of light and C 0 2 on rubisco
activase and carbonic anhydrase was examined. In C. reinhardtii, rubisco activase
induction is unaffected by C 0 2 concentration and carbon source. However, the level
of this protein and its transcript levels oscillate when placed under a twelve hour
light, twelve hour dark growth regime. Like rubisco activase, transcript levels of
carbonic anhydrase oscillate throughout the light and dark cycle and the transcript is
present in the dark. The requirement for light for the induction of carbonic
anhydrase was tested in C. reinhardtii cells grown synchronously. In contrast to
asynchronously grown cells, carbonic anhydrase was induced by low C 0 2 levels in
the absence of light in synchronously grown cells.

In the third part of the dissertation, one of the proteins that appears
transiently when C. reinhardtii cells are adapted to air was shown to be a
degradation product of the large subunit of rubisco. The degradation of rubisco may
play a role in the change in pyrenoid morphology that occurs during the induction of
the C 0 2 concentrating mechanism. The N-terminal sequence of another protein that
is induced by low C 0 2 was presented.

x

CHAPTER 1

INTRODUCTION
Unicellular algae and cyanobacteria are very efficient in their use of C 0 2.
These organisms are able to grow and photosynthesize efficiently in low C 0 2
(0.035% C 0 2 or below in air) environments by inducing C 0 2 concentrating
mechanisms. Like C4 plants, these mechanisms increase the C 0 2 concentration at
the active site of Rubisco, the main enzyme responsible for carbon fixation in these
organisms. Thus under low C 0 2 conditions, these organisms exhibit a phenotype
similar to C4 plants: little or no photorespiration and a very low C 0 2 compensation
point. Under high C 0 2 conditions (l%-5% C 0 2 in air), these organisms show a C3
phenotype: high photorespiration and high C 0 2 compensation point.
The C 0 2 concentrating mechanism of Chlamydomonas reinhardtii has been
studied extensively. In this dissertation, I focus on the effect of C 0 2 concentration
on some proteins in this organism. In chapter 2, I present a review of literature
pertaining to the C 0 2 concentrating mechanism in this alga as well as the literature
on the C 0 2 concentrating mechanism of cyanobacteria. In chapter 3, the materials
and methods presented. In chapter 4, I present the purification of a new isoenzyme
of carbonic anhydrase (CA) that is regulated by C 0 2 concentration. This enzyme is
present under high C 0 2 conditions and is absent in low C 0 2 conditions unlike the
more widely studied low C 0 2 induced CA. In chapter 5, the expression of the low
C 0 2 induced CA is studied along with another enzyme called rubisco activase (RA)
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that is known to be required for growth at atmospheric levels of C 0 2 in higher
plants. The role of light with respect to the regulation of protein and transcript
levels of these two enzymes is examined. In chapter 6, I present data on two other
proteins which are induced by low C 0 2 conditions, one of which is present in the
membrane fraction and the other which is soluble. The time course of induction of
these two proteins is presented. In Appendix A, I present conclusive evidence
showing that the presence of rubisco is needed for the existence of pyrenoids,
suborganellar structures important in the C 0 2 concentrating mechanism of C.
reinhardtii.

CHAPTER 2

LITERATURE REVIEW
Photosynthesis involves the reduction of C 0 2 to carbohydrates with the
release of 0 2 as a byproduct of the photochemical oxidation of water. This process
utilizes light energy to drive electrons from water to C 0 2 converting light energy
into chemical energy. Since photosynthetic organisms are able to convert light
energy to chemical energy, they are at the lowest trophic level in the food pyramid
and consequently all organisms are eventually dependent on photosynthetic
organisms as a source of energy. The process of photosynthesis changed the earth’s
atmosphere from one that was high in C 0 2 and low in 0 2 to one that is high in 0 2
and low in C 0 2. At present, photosynthesis and thus plant growth are limited by the
low level of C 0 2 in the atmosphere and the high level of 0 2 in the atmosphere which
inhibits C 0 2 fixation. Two mechanisms have evolved to overcome this C 0 2
limitation and inhibition by 0 2. One mechanism called C4 photosynthesis has
evolved in many different families of terrrestrial plants. The other mechanism,
called the C 0 2 concentrating mechanism, is found in aquatic organisms and is
particularly well studied in unicellular algae. This dissertation focuses on the C 0 2
concentrating mechanism in the unicellular green alga, Chlamydomonas reinhardtii.
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Rubisco and rubisco activase
The C 0 2 limitation on photosynthesis is a reflection of the kinetic properties
of ribulose-l,5-bisphosphate carboxylase/oxygenase (rubisco), the main enzyme
responsible for C 0 2 fixation. Rubisco is a bifunctional enzyme with two catalytic
activities (Ogren, 1984). The carboxylase activity of rubisco catalyzes the first
reaction of the C3 photosynthetic carbon reduction cycle: the carboxylation of
ribulose bisphosphate (RuBp) which leads to the formation of two molecules of 3phosphoglycerate (3-PGA). The oxygenase activity of Rubisco catalyzes the first
reaction of the C2 photorespiratory carbon oxidation cycle. This oxygenation of
RuBp leads to the formation of one molecule of 3-PGA and one molecule of 2phosphoglycolate. Thus, 0 2 can compete with C 0 2 as a substrate for rubisco
initiating the photorespiration pathway where there is a net light-dependent loss of
C 0 2 and NH3 (Tolbert, 1983). The release of ammonia may be critical for the
aquatic plant since nitrogen is often a limiting nutrient.
The other property of rubisco that limits photosynthesis is its low affinity for
C 0 2. The Km for C 0 2 ranges between 12-200 /xM depending on the species (Jordan
and Ogren, 1981). In an air equilibrated solution, the concentration of C 0 2 is 10
fxM and the concentration of 0 2 is 250 /nM. In many higher plants, there is no net
incorporation of C 0 2 and no net growth when the level of C 0 2 is below 50 ppm.
These plants are not saturated for C 0 2 until the atmospheric C 0 2 level is over 500
ppm (the ambient level of C 0 2 is 350 ppm). Despite the high I ^ for C 0 2 and the

oxygenase activity of rubisco, the kinetic properties of this enzyme are similar in a
wide range of organisms (Jordan and Ogren, 1981).
In Chlamydomonas reinhardtii, like all eukaryotes and the majority of
prokaryotes, rubisco is a hexadecamer (L8S8) composed of eight large subunits with
a molecular mass of 55 kDa and eight small subunits with a molecular mass of 12
kDa. The large subunit is encoded by a single-copy gene in the chloroplast genome
and the small subunit is encoded by a two gene family in the nuclear genome. The
small subunit is synthesized on cytoplasmic ribosomes and then post-translationally
imported into the chloroplast through a highly complex process requiring a variety
of chaperonins (Roy, 1989).
Rubisco from all organisms including Chlamydomonas must be activated
before it is catalytically competent (Lorimer, 1981). During the activation process,
an activator C 0 2 reacts with the e-amino group of lysine 201 on the large subunit of
rubisco to form a carbamate. Mg2+ then binds with the enzyme to form an active
ternary complex. In addition, the in vivo activation of rubisco in higher plants
requires the presence of RA which is able to activate rubisco at atmospheric
concentrations of C 0 2 (Portis et al., 1986; Lilley and Portis, 1990). In vitro, RuBp
and other sugar phosphates bind tightly to rubisco and block the nonenzymatic
carbamylation reaction of rubisco. The addition of RA facilitates the release of
these inhibitory sugar phosphates (Robinson and Portis, 1989b). While the exact
mechanism by which RA activates rubisco is not known, two nucleotide binding
domains have been identified in the deduced amino acid sequences of RA genes and
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purified RA has been shown to have ATPase activity (Robinson and Portis, 1989a).
The necessity of RA in the activation of rubisco has been corroborated by the
isolation of rca mutants of Arabidopsis thaliana that are missing the two RA
polypeptides (Somerville et al., 1982). These mutants show a high C 0 2 requiring
phenotype.
In C. reinhardtii, RA is encoded by one gene and the nucleotide sequence of
this gene shows a high homology to those of higher plants (Roesler and Ogren,
1990). The protein has been localized to the pyrenoid, an intraorganellar structure
found in the chloroplast (McKay et al., 1991). Whether RA is needed for growth of
C. reinhardtii at levels of C 0 2 in equilibrium with air has not been determined.

C4 Photosynthesis
One mechanism that overcomes the problem of photorespiration was
discovered independently by H. P. Kortschak, C. E. Hartt, G. O. Burr in Hawaii
and M. D. Hatch and C. R. Slack in Australia. This mechanism is known as C4
photosynthesis. Two different photosynthetic cells are present in C4 plants: the
bundle sheath cells, thick-walled and gas impermeable cells that surround the
vascular bundle, and the mesophyll cells. These cells are also biochemically
distinct. In C4 plants, the primary carboxylation product is a four carbon acid
instead of 3-PGA. Inorganic carbon (C 02 and H C 03') in the form of H C 03‘ is first
fixed in the mesophyll cells by PEP carboxylase, an enzyme with a greater affinity
for H C 03' than rubisco has for C 0 2 (Edwards and Huber, 1981). The resulting C4

product (depending on the C4 plant) is transported to the bundle sheath cells where
the rubisco is localized. The decarboxylation at the active site of rubisco results in
an increase of C 0 2 which outcompetes 0 2. Therefore, C4 plants require less C 0 2
for saturation and there is a decrease in photorespiration (Black, 1973; Chollet and
Ogren, 1975).

C 0 2 concentrating mechanism
Another mechanism that overcomes photorespiration is found in aquatic
algae. These organisms have low photorespiration rates and are saturated for C 0 2 at
low concentrations of C 0 2 (Osterlind, 1950; Berry et al., 1976). Yet, a C4 type
mechanism has not been discovered in these algae and rubisco from these algae
seems to have a high Km for C 0 2 (Jordan and Ogren, 1981) implying the presence of
a novel C 0 2 concentrating mechanism.
This mechanism has been described in many species of algae including red
algae, marine algae, and cyanobacteria (Lucas, 1983; Aizawa and Miyachi, 1986;
Bums and Beardall, 1987). The mechanism also has been studied in unicellular
green algae, particularly in Chlorella (Hogetsu and Miyachi, 1979), Dunaliella
(Aizawa et al., 1986; Goyal and Tolbert, 1989) and Scenedesmus (Palmqvist et al.,
1988). However, the organisms of choice have been Chlamydomonas reinhardtii, a
unicellular green alga, and various species of Synechococcus and Synechocystis,
unicellular blue-green algae.
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I have chosen C. reinhardtii as amodel system because it is easier to work
with than most green algae. It is able to reproduce sexually and has been well
characterized genetically. It has one chloroplast and few mitochondria and these
organelles have been isolated from C. reinhardtii (Togasaki et al., 1987; Mason et
al., 1991; Moroney and Mason, 1991). Nuclear transformation of C. reinhardtii is
now routine (Kindle, 1990). Transformation of the chloroplast also has been
accomplished (Boynton et al., 1988; Kindle et al., 1991; Newman et al., 1991).
Goodenough (1992), Van Winkle-Swift (1992) and Weeks (1992) have outlined the
benefits of using Chlamydomonas reinhardtii as a model system for many different
types of biochemical and genetic studies.
Cyanobacteria also provide a very good experimental system since they have
a relatively simple cell architecture, and are even easier to transform than
Chlamydomonas. In the past few years, a model system for these organisms has
been described.

Effect of CO-. concentration on algal photosynthesis and photorespiration
Many algal cells, including C. reinhardtii, can exist in two different
physiological states. When Chlamydomonas cells are grown under high C 0 2
conditions (1-5% C 0 2 in air), they exhibit the need for high C 0 2 as in C3 plants.
The half maximal rate of C 0 2 fixation of the cells, K1/2, is 20 /xM (Berry et al.,
1976; Moroney and Tolbert, 1985). The C 0 2 compensation point is high like C3
plants and these cells secrete large quantities of glycolate which is a byproduct of

the photorespiration cycle, indicating high photorespiration rates. In contrast,
Chlamydomonas cells grown in low C 0 2 conditions (0.03% C 0 2 or atmospheric
levels of C 0 2) show a decrease in K1/2 for C 0 2 (K1/2(C 02) = 3 jtM). These cells
show a substantial decrease in photorespiration as well in that the amount of
glycolate secreted is very low (Lloyd et al., 1977). Since the quantity and quality of
rubisco present appear to be similar and the pathway for C 0 2 fixation is the C3
photoreduction cycle in both cases (Badger et al., 1980), an inducible C 0 2
concentrating mechanism was postulated.

Evidence for inorganic carbon accumulation
Berry et al. (1976) first proposed the existence of a mechanism that increased
C 0 2 at the site of rubisco. The evidence consisted of experiments that determined
the amount of acid labile 14C accumulated in the Chlamydomonas cells when
NaH14C 0 3 was added to the cells in the presence of light. Upon addition of
NaH14C 0 3, the cells were rapidly separated from the incubation medium by
centrifugation through a silicone layer into a glycine-SDS solution. The cell pellet
consisted of both acid stable, fixed carbon and acid-labile free inorganic carbon.
The amount of inorganic carbon present in low C 0 2-grown cells was substantially
greater than the amount of inorganic carbon that would be present if only passive
diffusion had occured. High C 0 2- grown cells did not accumulate inorganic carbon.
The authors further showed that this accumulation of inorganic carbon in low C 0 2grown cells was light-dependent and could be blocked by inhibitors of electron
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transport and photophosphorylation. Other researchers have shown that this
phenomenon is present in red algae, cyanobacteria, and marine green algae (Lucas,
1983; Aizawa et al., 1986; Aizawa and Miyachi, 1986; Bums and Beardall, 1987).
In fact, gas exchange studies performed on cyanobacteria by Ogawa and Inoue
(1983), Badger (1985), Miller (1985), and Ogawa and Ogren (1985) showed a flux
of C 0 2 out of the cells at the end of a light period. It has been proposed that the
burst of C 0 2 seen upon light to dark transition is caused by the release of excess
inorganic carbon accumulated during the light period. Further evidence for the
presence of this C 0 2 concentrating mechanism is the generation of a number of
mutants that are able to grow on high C 0 2 but not on low C 0 2 (Spalding et a l.,
1983a; Spalding et a l , 1983b; and Spalding et al., 1983c; Moroney et al., 1986a;
Moroney et a l., 1989). Some of these mutants are unable to accumulate inorganic
carbon.

Inorganic carbon uptake in cyanobacteria
Much work has been done in elucidating the C 0 2 concentrating mechanism in
various species of the cyanobacteria, particularly Synechococcus. A model which
embodies most of the data is shown in Figure 2.1. In this model, inorganic carbon
is actively transported across the plasma membrane mostly in the form H C 03' and
accumulates in the cytoplasm. It diffuses to the carboxysome, a proteinaceous
structure that contains the enzyme rubisco, where a CA converts the H C 03' to C 0 2.
The C 0 2 produced is then fixed by rubisco before it can leak out of the cell.
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ure 2.1: A model for inorganic carbon uptake by cyanobacteria.
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Inorganic carbon uptake studies using silicone oil (Miller et a l., 1990; Badger
and Price, 1992), mass spectrophotometer (Miller et al., 1984; Miller and Canvin,
1985; Espie et al., 1988; Miller et al., 1990; Badger and Price, 1992) and 14C -C 02
fixation (Aizawa and Miyachi, 1986; Miller et al., 1990; Badger and Price, 1992)
indicate that inorganic carbon is transported across the plasma membrane. This
accumulation occurs in the light, as evidenced from gas exchange studies. In the
dark, inorganic carbon is released (Ogawa and Inoue, 1983; Badger, 1985; Miller,
1985; Ogawa and Ogren, 1985). Various physiological studies demonstrated that
multiple inorganic transporters are present in cyanobacteria. These transporters
include a sodium dependent H C 03' transporter (Miller et al., 1984, Reinhold et al.,
1984), a sodium independent transporter (Miller et al., 1990), and a C 0 2 transporter
(Miller and Canvin, 1985; Espie and Colman, 1986; Espie et al., 1988).
Omata and Ogawa (1986) cloned and sequenced the cmpA gene that is
mutated in a high C 0 2 requiring mutant. This gene codes for a putative transporter
protein of 42 kDa which is strongly induced by growth on low C 0 2 conditions.
Inactivation of this gene in wild-type cells did not lead to a mutant defective in
H C 03' transport, possibly because multiple transporters are present. Recent cloning
and sequencing of nitrate transporters from cyanobacteria show that cmpA has
homology to the nitrate transporter implicating a role in anion transport for this
protein (Omata and Ogawa, 1986). Further studies on the structure and function of
this protein may help clarify whether this protein really is a bicarbonate transporter.
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Another mutant lacking C 0 2 transport, SC, has been reported by
Ogawa(1992). This mutant is able to grow as fast as the wild-type strain of
Synechocystis PCC6803 at 3 % C 0 2 or at air levels of C 0 2 but is unable to grow at
C 0 2 concentrations lower than 80 ppm. Inorganic carbon uptake experiments using
silicone-oil centrifugation show that this mutant has the same H C 03' transport
activity as the wild-type strain. However, the uptake of C 0 2 is one-third lower than
the wild-type. The mutant was complemented with a 9.5 kBP DNA fragment.
Complementation with subclones determined that the site of the mutation is at one
end of this large DNA fragment and an ORF was found in this region. Part of the
protein (379 amino acids) has been sequenced and hydropathy profiles indicate that
this protein is hydrophillic in this region. This result indicates that C 0 2 transport
may not necessarily require a membrane-bound protein but instead may require a
protein that may function, like CA, to convert C 0 2 to another form such as a
carbamate to keep the intracellular C 0 2 low so that a C 0 2 gradient is maintained.
Price and Badger (1989a, 1989b) performed a very interesting experiment to show
that H C 03‘, rather than C 0 2, is the species of inorganic carbon accumulated in
cyanobacteria. They transformed the cyanobacteria with a human CA gene that was
targeted to the cytoplasm. This human CA converted H C 03' to C 0 2 which leaked
out resulting in an inability of the transformed cell to grow well on low C 0 2. This
experiment showed that the plasma membrane is permeable to C 0 2 and that indeed
H C 03‘ is the species accumulated in the cytoplasm. Cyanobacteria contain a
structure called the carboxysome that can be purified (Price et al., 1992).
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Carboxysomes are poiyhederal shaped bodies surrounded by a proteinaceous sheath.
They contain a considerable proportion of the rubisco and detectable CA activity
(Price and Badger, 1991; Price et ah, 1992; Yu et ah, 1992). A mutant, C3P-0 of
Synechococcus PCC7942, lacking the carboxysomal CA activity was isolated (Abe et
al., 1988). This mutant accumulates H C 03' but still requires high C 0 2 for growth
since it presumably cannot convert H C 03" to C 0 2 in the carboxysome at the active
site of rubisco. The inorganic carbon pool, thus, is significantly larger in this
mutant than that in wild-type cells. Also, the C 0 2 efflux rate is lower after the light
to dark transition again suggesting the interconversion between H C 03' and C 0 2 is
slower in the mutant. More carboxysomes are present when cells are grown at high
C 0 2. Other mutants missing the carboxysomal CA have been isolated by Yu et al.
(1992).
In Synechococcus PCC7942, a class of high C 0 2 requiring mutants was
isolated that exhibit abnormal carboxysomes that appear to be rod-shaped instead of
the normal poiyhederal shape. In these mutants, the inorganic carbon pool is similar
to wild-type but the C 0 2 efflux after the light to dark transition is more rapid. Two
of these mutants, E l and 0221, have mutations in two open reading frames, ccmM,
and ORF2. CcmM encodes a protein of 191 amino acids and ORF2 encodes a
protein of 275 amino acids. Both ORFs have been mapped to the 5 ’ flanking region
of rhc (Marcus et ah, 1984; Freidburg et ah, 1989). Several other mutants with
abnormal carboxysomes were to be mutated in two genes, ccmL and ccmn, that are
found upstream of ccmM (Price et ah, 1992). Two mutants of Synechocystis

PCC6803, G3 and G7, also have abnormal carboxysomes (Ogawa, 1992). G3 has a
mutation in a gene, ORF535, which shows homology to ORF1 and also shows
significant homology in two regions to the small subunit of rubisco. G7 has a
mutation in a gene encoding 129 amino acids which shows no homology to any of
the genes present in the database.
English et al. (1994), recently, purified a major shell peptide of the
carboxysome. Using the N-terminal amino acid sequence, he isolated and
characterized a carboxysome shell gene from Thermobacillus neapolitanus, a
chemoautotrophic bacteria. The gene, csol, codes a highly hydrophobic protein that
is 7000 Da. This peptide has significant sequence similarity to the putative peptide
coded by ccmK. A mutation in this gene results in a high C 0 2 requiring phenotypet.
A region of 58 amino acids long is present in both proteins where 59% of the amino
acid residues are identical.
Another class of mutants found in cyanobacteria are mutants that may be
lacking the energization process needed for the C 0 2 concentrating mechanism. Two
high C 0 2 requiring mutants, RKa and RKb, cannot take up inorganic carbon in
light. The lesion in the RKa mutant was in a gene which encodes a protein with
very high homology to the ndhB (ndh2) (Ogawa, 1991) gene which codes for one of
the subunits of the NADH dehydrogenase in the chloroplast of Marchantia (Ohyama
et al., 1986) and higher plants and mitochondria of all organisms. The gene
mutated in the RKb mutant encodes a hydrophobic protein of 80 amino acids and
was named ndhL (Ogawa, 1991; Ogawa, 1992). It showed no homology to any

gene in the database. Since that time, mutants inactivated in the ndhK and ndhC of
NADH dehydrogenase have been constructed. The mutant inactivated in ndhK
showed a similar phenotype to that of RKa and RKb mutants, i. e. they did not take
up inorganic carbon in the light. The mutant inactivated in ndhC had only 40% of
the uptake as compared to wild-type (Ogawa, 1991; Ogawa, 1992; Ogawa, 1993).
Clearly, NADH dehydrogenase plays some part in the C 0 2 concentrating mechanism
of cyanobacteria.

Components of the COz concentrating mechanism in Chlamydomonas
A model of inorganic carbon uptake in C. reinhardtii that has been proposed
(Moroney et al., 1986b) is shown in Figure 2.2. In this model, the periplasmic
space, the plasma membrane, the chloroplast envelope, and the pyrenoid are key
sites of carbon uptake or assimilation. A periplasmic CA catalyzes the
interconversion of C 0 2 and H C 0 3' in the periplasm. C 0 2 diffuses across the plasma
membrane into the cytoplasm where it is converted to H C 03' either through an
uncatalyzed reaction or with the help of a cytoplasmic CA. The chloroplast
envelope appears to act like the plasma membrane of the cyanobacteria and actively
transports H C 03". The H C 03. then diffuses to the pyrenoid where the majority of
the rubisco is localized. The pyrenoid serves a function similar to the carboxysome
in cyanobacteria. As in the cyanobacteria model, a CA in the pyrenoid catalyzes the
conversion of H C 03' to C 0 2 at the active site of rubisco.
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Figure 2.2: A model for inorganic carbon uptake by Chlamydomonas reinhardtii
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The role of plasma membrane in the C(X concentrating mechanism
The function of the plasmalemma in inorganic carbon transport in
Chlamydomonas and other algae has been debated vigorously in the literature.
Three different mechanisms have been proposed for the different organisms or even
for the same organism. The first hypothesis involves CA facilitated C 0 2 diffusion
across the plasma membrane. This mechanism has been shown to occur in
Chlamydomonas and several Chlorella strains where the levels of periplasmic CA
are high in low C 0 2. The evidence supporting this mechanism includes the
dependence of C 0 2 fixation on external pH (Moroney and Tolbert, 1985). Also, the
addition of dextran bound sulfonamide, which cannot enter the cell and inhibits the
CA present in the periplasmic space, inhibits photosynthesis in Chlamydomonas cells
(Moroney and Tolbert, 1985; Moroney et al., 1986b) at external pH greater than
7.5. This can be interpreted as meaning that H C 03" cannot enter the cell because
the inhibition of photosynthesis by sulfonamide is so strong. Other researchers have
interpreted this result to mean that Chlamydomonas reinhardtii does take up H C 03'
because the nonenzymatic amount of C 0 2 present is too small to account for
observed rates of photosynthesis (Marcus et a l., 1984; Williams and Turpin, 1987;
Sultemeyer et al., 1988). The assumption in this latter interpretation is that the pH
at the cell surface is the same as the pH of the bulk medium, which may not be true
(Moroney and Tolbert, 1985).
A second hypothesis states that H C 03' is the carbon species actively
transported across the plasmalemma. This mechanism appears to be present in
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cyanobacteria and the green alga, Scenedesmus (Palmquist, 1988; Thielmann et al.,
1990). Cells that actively transport H C 03‘ have little or no periplasmic CA and
photosynthesize efficiently in basic media where the amount of C 0 2 is very small.
Impermeant CA inhibitors have no effect on photosynthesis of these cells in basic
medium. This mechanism has been implicated in Chlamydomonas C 0 2 fixation as
well (Sultemeyer et al., 1988).
A third hypothesis was proposed by Sultemeyer et al. (1989) and Marcus et
al. (1984). They proposed that active C 0 2 transport occurs in Chlamydomonas
reinhardtii. However, to date, a protein localized to the plasma membrane
associated with active uptake of C 0 2 or H C 03' in Chlamydomonas has not been
found. A key problem in determining whether the plasma membrane is the main
point of regulation in inorganic carbon uptake in Chlamydomonas has been the lack
of work on isolated plasma membrane fractions. Most of the experiments
investigating the role of the plasma membrane utilized intact cells, and thus whole
cell effects cannot be separated from plasma membrane effects.
The species of inorganic carbon taken up by the organism may depend on the
environment in which the organism lives. For example, Chlorella saccarophilla,
which grows at pH 3, appears to take up only C 0 2 from the medium (Beardall,
1981), while Scenedesmus, which grows in a more basic environment (pH > 8),
appears to take up H C 03' from the medium (Palmquist et al., 1988; Thielmann et
al., 1990). In addition, cyanobacteria only have one set of limiting membranes
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while the green algae have at least two sets of membranes which inorganic carbon
must cross. The carbon species transported may reflect this difference.

The role of the chloroplast in the CO-, concentrating mechanism
The chloroplast of Chlamydomonas is a cup-shaped structure that may
account for two-thirds of the volume of the cell. Only one chloroplast is present per
cell. In algae that use a CA facilitated C 0 2 diffusion mechanism at the plasma
membrane, the active step in inorganic carbon transport has been proposed to be
localized at the chloroplast envelope (Badger et al., 1980; Beardall, 1981; Moroney
et al., 1987a; Sultemeyer et a l , 1988). In Chlamydomonas reinhardtii, as well as
Dunaliella tertiolecta and Chlorella, chloroplasts purified from low C 0 2 adapted
cells showed a considerably higher level of inorganic carbon accumulation than can
be expected by diffusion (Moroney et a l., 1987a; Sultemeyer et a l., 1988; Goyal
and Tolbert, 1989). In comparison, chloroplasts isolated from high C 0 2-grown cells
do not accumulate inorganic carbon. Whether C 0 2 or H C 03‘ is the species
transported at the chloroplast envelope has still not been resolved, although a H C 03'
transporter has been postulated. Inhibition of inorganic carbon uptake at the
chloroplast level by DCMU, an electron transport inhibitor, and vanadate, an
ATPase inhibitor, has been demonstrated and the need for light has been shown
(Moroney and Mason, 1991). Furthermore, a protein of molecular weight 36 000
Da, that is induced under low C 0 2 adapted conditions, was localized to the
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chloroplast envelopes (Mason et al., 1990; Ramazanov et a l , 1992). The
physiological function of this protein is not known.

Chloroplast carbonic anhvdrase
A chloroplast CA is a key component in the model postulated for
Chlamydomonas reinhardtii. A cytoplasmic CA has also been proposed (Moroney et
al., 1986a). Evidence that an internal CA exists is fairly well documented
(Moroney et al., 1987b and Husic et al., 1988). This intracellular isoenzyme can
be easily pelleted by low speed centrifugation. This result is surprising since most
chloroplast CAs from higher plants are soluble. This isoenzyme does behave like
higher plant CA in its sensitivity to sulfonamides (Husic et al., 1988). The higher
plant CAs and this internal CA are less sensitive to inhibition by sulfonamide than
the periplasmic CA and mammalian CAs. Katzman et al. (1994) have shown that
intact chloroplasts do have CA activity. The insoluble nature of the internal CA
implies that this isoenzyme may be membrane associated. However a more
intriguing idea that is entirely consistent with the insolubility of this isoenzyme is its
possible location in the pyrenoid.
That the internal CA is essential to the C 0 2 concentrating mechanism is
evident from a number of high C 0 2 requiring mutants that also lack internal CA
activity. C ial, cia3 (Moroney et al., 1987b) and cal (Spalding et al., 1983a) lack
internal CA activity, and chloroplasts isolated from a wall-less mutant of cia3 show
no chloroplast CA activity (Katzman et al., 1994). All these mutants
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overaccumulate inorganic carbon. This result is similar to that obtained with cells
treated with ethoxyzolamide, a permeant CA inhibitor, which also causes cells to
overaccumulate inorganic carbon (Moroney et al., 1987b). The internal CA is
constitutive; it is present at the same levels in high C 0 2 and low C 0 2 cells (Katzman
et al., 1994). The amount of activity is considerably less than the low C 0 2
inducible periplasmic CA. Semenenko and coworkers (Pronina and Semenenko,
1984) reported a light-activated CA in Chlamydomonas and Chlorella. CA is
routinely assayed under room light in other laboratories and this fact may be
responsible for the low internal CA activities observed.

Inorganic carbon fixation in the pyrenoid
The pyrenoid is a large protein complex usually surrounded by a sheath of
starch, paramylon, or amylose found in the chloroplast stroma of unicellular algae,
multicellular algae, and some hornwort species (Gibbs, 1962a, 1962b; Dodge, 1973;
Griffiths, 1980; Okada, 1992). There may be modified thylakoid lamellae that
traverse the pyrenoid (Gibbs, 1962a, 1962b; McKay and Gibbs, 1991; McKay et
al., 1991). Various proteins have been localized to the pyrenoid, most prominently
rubisco. At least 90% of the rubisco protein is present in the pyrenoid as judged by
immunological studies (LaCoste-Royal and Gibbs, 1987; Kuchitsu et al., 1991;
Okada et al., 1991). In fact, rubisco is so abundant in the pyrenoid that it forms
dense, crystalline bodies. This compartmentalization of rubisco has been viewed as
simply a protein storage function by some researchers. Others have proposed a
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more significant role for the presence of rubisco in the pyrenoid. Isolating rubisco
in a suborganellar compartment from the 0 2 produced by electron transport would
reduce photorespiration (Osafune et a l , 1990; Kuchitsu et al., 1991; Okada et al.,
1991). In addition, RA was shown to be present in the pyrenoid through
immunoelectron microscopy (McKay et a l , 1991).
There have been few studies concerning pyrenoids in organisms with C 0 2
concentrating mechanisms. The difficulty in isolating intact pyrenoids is partly
responsible for this lack of research. In Chlamydomonas reinhardtii, light
microscopy showed that low C 0 2 adapted cells have a starch sheath that surrounds
the pyrenoid. In contrast, in high C 0 2-grown cells, the starch is scattered
throughout the stroma (Kuchitsu et a l , 1988, 1991). Light and electron microscopy
studies of the time course of low C 0 2 adaptation and pyrenoid structure demonstrate
that the deposition of starch begins within one hour after the transfer to low C 0 2 and
continues until a well developed starch sheath is present towards the end of the
adaptation period. The changes in the starch correlate with the increase in
photosynthesis and the induction of the C 0 2 concentrating mechanism as cells adapt
to low C 0 2 (Kuchitsu et a l , 1988, Ramazanov et a l , 1994).
In a model proposed by Ramazanov et al. (1994), the pyrenoid in
Chlamydomonas reinhardtiii has a function very similar to the carboxysome in
cyanobacteria. It is the site of C 0 2 fixation: bicarbonate diffuses to the pyrenoid
where a chloroplast CA converts the H C 03' to C 0 2 at the active site of rubisco.
The starch sheath in low C 0 2 cells prevents the leakage of C 0 2 back to the
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chloroplast stroma thereby aiding carboxylation by permitting the C 0 2 concentration
within the pyrenoid to remain high. Recently, a unicellular alga, Coccomyxa, was
isolated and physiologically characterized (Palmqvist, 1993; Palmqvist et al., 1994).
This alga lacks the C 0 2 concentrating mechanism and still is able to grow well
underlow C 0 2 by forming a symbiotic association with a fungus as a part of a
lichen. The most intriguing feature of this alga is its lack of pyrenoid.
At present, several mutant studies are being conducted to determine the role
of the pyrenoid in the C 0 2 concentrating mechanism. Preliminary studies from Dr.
Moroney’s laboratory (personal communication) indicate that there are some high
C 0 2 requiring mutants which also fail to develop a starch sheath when they adapt to
low C 0 2.

High C 0 2 requiring mutants of Chlamydomonas reinhardtii.
Cia3:

Cia3 is a high C 0 2-requiring strain first described by Moroney et al.
(1987) and also by Katzman et al. (1994). This strain overaccumulates
inorganic carbon but the interconversion of H C 03' to C 0 2 appears to be
limiting due to the lack of chloroplast CA.

It synthesizes all of the low

C 0 2 inducible polypeptides. This strain is allelic to the cal mutant
(Spalding et al., 1983a).
Cia5:

Cia5 is a high C 0 2 requiring strain first described by Moroney et al.
(1989). It fails to synthesize any of the inducible polypeptides C.
reinhardtii normally synthesizes when adapted to low C 0 2. Cia5 also
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fails to accumulate inorganic carbon. Spalding et al. (1991) demonstrated
that this mutant does not induce the mRNA coding for the periplasmic
CA. Since this mutant fails to make any of the low C 0 2-inducible
proteins, it appears to be deficient in the mechanism that senses low C 0 2
or in the trans-acting factor responsible for the induction of low C 0 2inducible proteins.
Pmp-1:

Pmp-1 is a high C 0 2 requiring strain first described by Spalding et al.
(1983b). This mutant induces the periplasmic CA and the low C 0 2inducible 36kDa polypeptide but fails to make two polypeptides of 45 kDa
and 42 kDa that also are induced under low C 0 2 conditions (Moroney,
1990). This mutant also accumulates inorganic carbon but to only very
low levels.

Low C 0 2 induced proteins
Since the C 0 2 concentrating mechanism is inducible, there have been some
studies to identify proteins and genes induced by growth on low C 0 2. In vivo
labelling of Chlamydomonas with 35S04'2 by Manuel and Moroney (1988)
demonstrated the presence of five proteins that are preferentially synthesized on low
C 0 2. The onset of biosynthesis of these proteins closely matches the onset of the
C 0 2 concentrating mechanism. The biosynthesis of these proteins is variable. Some
proteins are synthesized as long as the culture remains on low C 0 2 while sunthesis
of one of the proteins peaks early in the adaptation and then then shuts off. In
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asynchronous cultures, the biosynthesis of these proteins appears to be light
dependent and does not occur in mutants of Chlamydomonas reinhardtii that are
deficient in C 0 2 fixation and electron transport. The molecular weight of the
prominent low-C02 induced proteins are: 42-45 kDa, 37 kDa, 36 KDa, 20 kDa. In
addition, a protein of a higher molecular weight, 50 kDa, was also observed.

Low CCK-induced periplasmic carbonic anhvdrase
The 37 kDa polypeptide (CA1) that is specifically induced by low C 0 2 is the
only protein that has been conclusively identified (Coleman et al., 1984). This
protein is a CA and is related to mammalian CAs. CA catalyzes the interconversion
of dissolved C 0 2 and H C 03' according to the equation below:

C 02 + H20

CA
** H2C 03 r* H* + H CO l ^ 2 H + + CO]~

The 37 kDa CA has been localized to the periplasmic space (Coleman et a l.,
1984, Coleman and Grossman, 1984) where the levels of CA in low C 0 2-adapted
cells can increase up to ten to twenty times those grown in high C 0 2. CA is
synthesized as a 42 kDa precursor and is then processed to yield a large subunit of
approximately 35-37 kDa and a small subunit of 4 kDa (Kamo et al., 1990). The
molecular mass of the holoenzyme has been estimated to be approximately 78 kDa,
and each molecule of the enzyme has two atoms of zinc leading Kamo et al. (1990)
to postulate a heterotetrameric structure with two large and two small subunits
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associated by disulfide bonds. The protein is glycosylated. Treatment of
Chlamydomonas cells with tunicamycin, which inhibits glycosylation, resulted in a
decrease in the amount of CA secreted into the periplasmic space (Coleman and
Grossman, 1983b).
The gene for the low C 0 2 inducible CA (cahl) has been cloned by Fukuzawa
et al. (1990). The nucleotide sequence encodes a 377 amino acid polypeptide of
41626 Da consisting of a signal peptide of 20 amino acids, the large subunit and the
small subunit. It shows 20-22% homology at the amino acid level with human CAs
CA1, CA2, CA3. The three histidine residues that act as ligands for zinc and other
residues that form a hydrogen-bond network to zinc-bound solvent molecules are
conserved. Three putative glycosylation sites have been identified (Asn 101, Asn
135, Asn 297). The induction of CA has been shown to be regulated at the
transcriptional level (Toguri et al., 1984; Toguri et al., 1986). The RNA transcript
is present at one hour after transfer to low C 0 2 conditions and it slowly increases in
amount until six hour when it starts to decrease (Bailly and Coleman, 1988,
Fujiwara et al., 1990). When low C 0 2 adapted cells are transferred to high C 0 2
conditions, the CA transcript disappears within one hour of transfer. This rapid
disappearance of the CA transcript differs from the high level of CA activity which
persists for days in high C 0 2 cells transferred from low C 0 2 adapted cells (Yang et
al., 1985, Ramazanov et al., 1994).
The effect of light on the induction and repression of CA transcript has also
been examined in Chlamydomonas. It should be noted that all this work has been
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performed on asynchronous cultures with constant light. When high C 0 2-grown
cells are transferred to low C 0 2 in the dark, the 37 kDa CA protein as well as the
RNA transcript is not induced. Addition of DCMU, an electron transport inhibitor,
to low C 0 2 cells immediately after their transfer from high C 0 2 conditions also
shows no induction in protein levels or transcript levels of CA, implying that
photosynthesis may be needed for induction to occur (Fukuzawa et al., 1990).
The effect of different types of light has been tested by Dionisio-Sese et al.
(1989). Chlamydomonas cells illuminated with red light (620-680 nM) during low
C 0 2 adaption did not show induction of the protein and transcript levels of CA.
However, when blue light (460 nM) also was used to illuminate the cells along with
red light, the induction of CA protein did occur.
Spalding et al. (1991) checked the expression of CA in a cell wall deficient
strain, cw l5, of Chlamydomonas. In this strain, the periplasmic CA is secreted into
the growth medium. CA activity in cwl5 low C 0 2 adapted cells (48 hrs.) is ten
times greater than wild-type cells grown in similar conditions. This increase in
activity is correlated with a substantial increase in CA protein levels and CA
transcript levels in cwl5 cells as compared to wild-type. These data suggest the loss
of periplasmic CA to the medium results in continued transcription of CA message
and that wild-type cells somehow sense the amount of CA in the periplasmic space
or the amount of CA in the cell.
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36 kDa protein
This protein was first discovered in fractionation studies using labeled cw l5,
a cell wall-less strain of C. reinhardtii. Mason et al. (1990) showed that this protein
was present in a membrane fraction that had no CA activity, that this protein did not
react to antibodies to the periplasmic CA, and that this protein was located in the
chloroplast. Using the antibody raised against this polypeptide by Geraghty et al.
(1990), this protein was then positively localized to the chloroplast envelope
(Ramazanov et al. , 1992). The time course of the induction of this protein shows
that the protein is detectable after one hour and has accumulated to 70% of the low
C 0 2 adapted level by 4 hours (Geraghty et al., 1990). The biosynthesis of this
polypeptide also closely follows the onset of the C 0 2 concentrating mechanism.
This protein is one of the proteins missing from the cia5 mutant. So far a mutation
that affects only this protein has not been isolated. An N-terminal amino acid
sequence of this protein has been obtained and compared to the amino acid
sequences present in Genbank and other databases. The sequence shows no
significant identity to any of the amino acid sequences available (C. Mason, personal
communication). Chloroplast envelopes isolated from low C 0 2-adapted cells also
appear to contain an 18 kDa polypeptide that is absent in high C 0 2 cells. This
polypeptide seems to react against the antisera raised against the 36 kDa polypeptide
(C. Mason, personal communication).
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A family of proteins in the 20 kDa range
Very little work has been done on this family of proteins. Cell fractionation
studies conducted by Moroney (1990) show that a polypeptide of approximately 22
kDa is present in the intercellular soluble fraction of cw l5. Spalding et al. (1991)
contend that a 21 kDa polypeptide is present in the membrane fraction as well. At
one point, the 20 kDa polypeptide was thought to be the unprocessed small subunit
of rubisco but this was proven to be incorrect (Coleman and Grossman, 1984). Like
the 36 kDa protein, a mutant with a mutation specific to only one or the whole
family of these proteins has not been identified. Cia5 again is the only mutant that
is lacking a 20 kDa protein. This protein appears in low C 0 2 adapted cells by two
hours and remains induced even after 24 hours in low C 0 2 conditions (Coleman and
Grossman, 1983c, Manuel and Moroney, 1988).

44-46 kDa air induced proteins
Unlike other proteins induced by low C 0 2, the rate of synthesis of the 44
kDa and 46 kDa protein increases to the maximum amount by 2 hours and then
decreases after 4 hours (Coleman and Grossman, 1983c; Manuel and Moroney,
1988). When the culture is switched back to high C 0 2, the labelling of the 44 and
46 kDa polypeptides stops within 3 hours. Cell fractionation of a wall-less mutant
of Chlamydomonas shows that the 44-46 kDa proteins are present in a high speed
membrane fraction (28 000 rpm - 40 000 rpm) and the intercellular soluble protein
fraction (Moroney, 1990). Very little work has been done on this protein.
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The 44-46 KDa protein was shown to be absent in the pmp mutant isolated
by Spalding et al. (1983b). This pmp mutant is able to induce the other proteins
associated with the C 0 2 concentrating mechanism. Aside from not synthesizing the
44-46 kDa protein, this mutant shows a distinct phenotype: it is unable to grow in
low C 0 2 and it does not accumulate inorganic carbon. These data suggest that the
inability to accumulate inorganic carbon may be caused by the absence of the 46-44
kDa proteins.

Other proteins induced by low CO,
The synthesis of rubisco is substantially reduced after 2 hour exposure to low
C 0 2 and almost stops after 4 hours in low C 0 2 in cwl5 cells, but after a four hour
exposure, the synthesis of rubisco begins to increase (Coleman and Grossman,
1983c). The early decrease in rubisco synthesis seems to be the result of a decrease
in the translation of the large subunit transcript since no decline occurs at the
transcript level (Winder and Spalding, 1992).
Phosphoglycolate phosphatase catalyzes the conversion of phosphoglycolate to
glycolate and is the first committed enzyme in the photorespiratory pathway. Marek
and Spalding (1991) have determined the levels of phosphoglycolate phosphatase in
high C 0 2-grown cells and low C 0 2 adapted cells. They found that phosphoglycolate
phosphatase activity increases transiently when cells are transferred to low C 0 2
conditions. The level of activity reaches a maximum at 5 hours and then eventually
declines to the original level by 48 hours. The explanation of these data assumes

32
that cells experience the greatest photorespiratory stress immediately after being
transferred to low C 0 2 conditions, and once the C 0 2 concentrating mechanism is
operational the amount of phosphoglycolate produced declines. Cia5 shows no
change in the levels of phosophoglycolate phosphatase activity, implying that this
mutant is defective in the signalling mechanism for the C 0 2 concentrating
mechanism.
The activity of another photorespiratory enzyme, glycolate dehydrogenase, in
high C 0 2 and low C 0 2 conditions also was examined by Spalding and his coworkers
(Marek and Spalding, 1991). They reported that glycolate dehydrogenase activity is
double the amount in low C 0 2 cells adapted for 24 hours as compared to high C 0 2grown cells.
Cab2-1 transcript which encodes for one of the light-harvesting chlorophyll
binding protein shows an increase in low C 0 2-adapted cells up to 24 hours.
However, there is no difference in transcript levels between cells grown under high
C 0 2 and cells grown under low C 0 2 after 24 hours (Jacobshagen and Johnson, 1994)

Proteins induced in Chlamydomonas segnis
The only other organism where the proteins induced by C 0 2 concentrating
mechanism have been systematically studied has been Chlamydomonas segnis.
Badour and Kim (1986) reported a family of polypeptides of approximately 42 kDa
and two other polypeptides of molecular weight 22 kDa and 20 kDa specific for low
C 0 2 adapted, synchronous cultures (12 hours light/12 hours dark) of
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Chlamydomonas segnis. The cells were harvested at early G1 phase of the cell
cycle, approximately two hours after the lights were turned on. Upon performing 2D electrophoresis on air-adapted and high C 0 2 cells, they found a large diffuse spot
with pi values ranging from 5.2- 5.43 at approximately 40-42 kDa only in
Chlamydomonas segnis air-adapted cells. Badour and Kim (1986) reported that the
42 kDa group of proteins was associated with CA activity.
When this experiment was performed using cells at the end of the G1 phase
(eight hours into the light period) and CHAPS was used instead of NP40 as the
solubilization detergent, twenty polypeptides specific for low C 0 2 were identified in
the 2-D gel (Badour and Kim, 1988). The specific proteins were comprised of four
classes of molecular weights: 37 kDa, 30 kDa, 27 kDa, and 20 kDa with pi ranging
from 7.4 to 6.4. It should be noted that there was no difference in the protein
pattern at 40-42 kDa molecular weight between low C 0 2-grown cells and high C 0 2grown cells. This result seems to be consistent with protein labelling work in
Chlamydomonas reinhardtii. The 20 kDa protein appears to be unique to air adapted
cells regardless of the time period in which the cells are harvested (Badour and Kim,
1988).

Genes involved in the C 0 2 concentrating mechanism
Burow and Moroney (1993) differentially screened a cDNA library
constructed with mRNA isolated from low C 0 2 cells adapted for two hours with
labelled mRNA isolated from high C 0 2 and low C 0 2 adapted cells. They identified
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five classes of low C 0 2 inducible clones. One class of clones is the low C 0 2
induced periplasmic CA. One of the clones was partially sequenced, and it shows
homology to alanine aminotransferase (Z. Chen, personal communication). The
partial sequences that are available for the other clones so far show no homology to
any of the nucleotide sequences present in databases. That these genes are low C 0 2induced was demonstrated by RNA blots where mRNA from low C 0 2-adapted cells
hybridized with the clone but mRNA from high C 0 2-grown cells did not.

Regulation of the C 0 2 concentrating mechanism
The induction of C 0 2 concentrating mechanism results in biochemical and
physiological changes that cause the low C 0 2 cells to become more
photosynthetically efficient. The intracellular signal that is responsible for these
changes is unknown.
There are two schools of thought on this subject. In one school of thought,
Chlamydomonas senses some sort of photosynthetic metabolite or a ratio of
metabolites. As mentioned earlier, asynchronous cells grown in continuous light
require photosynthesis and light for low C 0 2 adaptation. Mutants lacking rubisco or
phosphoribulokinase do not induce the C 0 2 concentrating mechanism (Spalding and
Ogren, 1982). These results imply that some product of photosynthesis or
photorespiration is needed for the induction of the C 0 2 concentrating mechanism.
The 0 2 requirement for adaptation has been shown in Anabena variabilis and
in Chlamydomonas (Spalding and Ogren, 1982). If the 0 2 concentration is
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decreased from the customary 21% in air to 2%, there is a delay in induction of the
C 0 2 concentrating mechanism. Taking into account both the need for photosynthetic
carbon metabolism and the need for 0 2, a photorespiratory carbon metabolite has
been proposed as the signalling molecule. However, addition of glycolate, glycine,
serine, all photorespiratory metabolites, to high C 0 2-grown Chlamydomonas does
not cause the induction of the mechanism (Dr. J. Moroney, personal
communication). The cell, instead of sensing the amount of one product, may sense
a balance of a number of photosynthetic products in either the chloroplast stroma or
the cytoplasm. These metabolites are closely regulated by inorganic phosphate and
triose phosphate levels in the stroma and cytoplasm. An increase in the flux of the
photorespiratory pathway may be detected by the changes that are caused by this
pathway in phosphate or triose phosphate.
In the second school of thought, the amount of C 0 2 is sensed directly. This
viewpoint is supported by experiments conducted on cwl5 cells mentioned earlier by
Spalding et al. (1991). The levels of periplasmic CA synthesized in the wall-less,
cwl5 mutant is higher than in wild-type cells. This regulation appears to be at the
transcriptional level since the cahl transcript appears to be present for a longer time
in cw l5 cells as compared to the wild-type cells where the transcript reaches a
maximum at four hours and then slowly decreases. Thus, when the cell-wall is
absent, the regulation of periplasmic CA synthesis appears to be faulty. The cell
still regulates the induction of CA1 as if it was still under low C 0 2 stress. Another
indication that the Chlamydomonas may sense C 0 2 directly is the high C 0 2 requiring
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cia5 mutant. As mentioned earlier, this mutant fails to make the five proteins that
are induced in the wild-type under low C 0 2 conditions. The mutant may be
deficient in the mechanism that senses low C 0 2 or in a trans-acting factor
responsible for the induction o f the low C 0 2 inducible proteins.

CHAPTER 3

MATERIALS AND METHODS
Algal cultures
Cultures for the isolation of carbonic anhvdrase
The wild-type strain used in this study was 137 (mt+) obtained from Dr. R.
K. Togasaki, Indiana University. The cia5 mutant strain was derived from the wildtype after UV mutagenesis (Moroney et al., 1989). The cia5/cwl5 mutant strain
was obtained from S. J. Carlson and Dr. R. K. Togasaki, Indiana University
(Katzman et al., 1994). These cultures were grown photoautotrophically in minimal
medium (Sueoka, 1960) in 15 L carboys illuminated with 200 fiE m'2sec_1 at room
temperature and stirred. The wild-type strain used in this study was grown in
minimal medium in 2.8 L flasks under the same conditions but shaken continuously.
All cultures were bubbled with air supplemented with 5 % (v/v) C 0 2 in air for high
CO2 growth or just bubbled with air (0.035% C 0 2) for low C 0 2 growth.

Low CO, induction
In the low C 0 2 induction experiment, the wild-type strain of C. reinhardtii
was grown photoautotrophically in 2.8 L flasks and shaken continuously. The
cultures were grown on high C 0 2 asynchronously until the cell density was
approximately 5 X 106 cells mL'1. At that time, the cells were concentrated by
centrifugation at 5000 rpm for 5 minutes and resuspended in fresh medium and
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either bubbled with high C 0 2 (final C = 2 mM) or bubbled with air (final C = 4 /xM).
The cultures were harvested at times indicated in the figure legends by centrifugation
at 5000 rpm for 5 minutes. The cells were washed with 10 mM Tris (pH 7.5), 5
mM EDTA. For protein analysis, the pellets were resuspended in 20mM bis-Tris
propane (pH 7.0), 5 mM MgCl, 1 mM EDTA, 5 mM DTT, 0.2 mM ATP, 1 mM
PMSF, 10 juM leupeptin, and 2 mM benzamidine. For RNA analysis, the pellets
were resuspended in RNA lysis buffer (50 mM Tris, pH 8.0, 10 mM EDTA, 1%
SDS) and recentrifuged. The pellets of this spin were snap frozen and stored at 80°C until extracted for RNA.

Light/Dark experiment
In the light/dark experiment, wild-type cells were grown on low levels of
C 0 2 in minimal media but placed on a regime of 12 hours of light and 12 hours of
dark (8:00 AM-8:00 PM) for at least three days to cause the cells to become
synchronous. All the cells were in phase in the cell cycle with the cells dividing
before the lights were turned on. The cells were harvested during the light period at
1 hour after the lights were turned on (9:00 AM), 5 hours after the lights were
turned on (1:00 PM), 9 hours after lights were turned on (5:00 PM) and during the
dark period at 1 hour after the lights were turned off (9:00 PM), and 5 hours after
the lights were turned off (1:00 AM) and 1 hour before the lights were turned on
(7:00 AM). These time points were harvested again for another cycle of light and
dark period.
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Switching cells on high CCK to low CO-, in the dark
Wild-type cells were grown at high C 0 2 conditions under the same conditions
as the light/ dark experiment. Samples for RNA and protein analysis were harvested
during the end of the dark period at 1 hour before the lights were turned on (7:00
AM), 1 hour after the lights were turned on (9:00 AM), 5 hours after the lights
were turned on (1:00 PM), 9 hours after lights were turned on (5:00 PM). After the
lights were turned off, the cells were switched to low C 0 2. Cells were then
harvested 1 hour after the lights were turned off (9:00 PM), and 5 hours after the
lights were turned off (1:00 AM) and 1 hour before the lights were turned on (7:00
AM). For one set of cells, the light was turned on and the cells were harvested 1
hour after the lights were turned on and 5 hours after the lights were turned on.
Another set of cells were left in the dark and the samples were taken at the same
time as when the lights would have been turned on. Also, as in the low C 0 2
experiment, the cell density ranged from 4 to 5 X 106 cells during the course of the
experiment.

Low CO-, induction under mixotrophic growth
Wild-type cells were grown on minimal media supplemented with 15 mM
sodium acetate in 2.5 L carboys under continuous light and continuous shaking. The
cells were diluted with fresh minimal media supplemented with sodium acetate 12
hours before the cells were harvested to ensure that the cells were under mixotrophic
conditions. At zero time, one set of cells were switched to low C 0 2 conditions
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while another set were kept under high C 0 2 conditions. The cells were harvested
for protein and RNA analysis after 1 hour, 2 hours, 4 hours, 8 hours, 12 hours and
24 hours on low C 0 2. The high C 0 2 cells were harvested at 0 hour, 8 hours, 24
hours. The cells were harvested at in the same manner for protein and RNA
analysis as in the low C 0 2 induction experiment. Also, as in the low C 0 2
experiment, the cell density ranged from 4 to 5 X 106 cells during the course of the
experiment.

Rubisco mutants and phosphoribulokinase mutant
The missense large subunit of rubisco mutant (10-6c, gly 171- asp 171), the
nonsense large subunit of rubisco mutant (18-7G-12), and the phosphoribulokinase
mutant (F-60) were obtained from the Duke Culture Collection. Since these mutants
are light sensitive, the mutants were grown in the dark under heterotrophic
conditions in TAP medium (Tris-acetate phosphate medium) in 250 mL flasks and
the cells were shaken continuously. Wild-type cells grown in the same manner
served as the control. The wild-type strain used in these experiments was 2137
obtained from Dr. R. K. Togasaki since it is the parent strain of the rubisco
mutants. The cell density was again not allowed to exceed 5 X 106 cells mL'1.
These cells were harvested for protein analysis, RNA analysis, and electron
microscopy.
In addition, the nonsense Rubisco mutant was allowed to grow in the dark
until the culture was growing well and then 10 /aM DCMU was added to the
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medium and the cells were transferred to the same light conditions as cells in the
low C 0 2 induction experiment for two days. Again, wild-type cells were grown in
the same manner. Both strains were fixed for electron microscopy.
A temperature sensitive strain, 68-4PP, was obtained from Dr. R. J.
Spreitzer at University of Nebraska. This strain grows well at room temperature
where it possesses a functional rubisco. Upon transfer to 37°C, the Rubisco protein
is degraded. This strain and the wild-type control were grown under heterotophic
conditions similar to the other rubisco mutants with the exception of constant light.
One set of cells of 68-4PP and wild-type were transferred to 37 °C for 24 hours
while the other set were allowed to remain at room temperature. Both sets of cells
were fixed and prepared for electron microscopy.

Fractionation of cw!5
Cwl5 cells, lacking a complete cell wall, were grown in the same manner as
described for the wild-type cells for the low C 0 2 induction experiment. A set of
cwl5 cells was bubbled with low C 0 2 (the low C 0 2 line contained air that had been
scrubbed by passing it through a column of ascarite) and a set of cwl5 cells was
kept on high C 0 2. The cells were harvested at 1.5 hours, 3.5 hours, 5.5 hours, 7.5
hours, 12.5 hours after the switch to low C 0 2 by centrifugation at 4000 rpm. The
cells were rinsed with 20 mM Tris, 50 mM NaCl, 0.4 mM benzamidine, 0.4 mM eaminocaproic acid, and 150 mM sucrose (fractionation buffer) and recentrifuged.
The pellet was brought up in the fractionation buffer and the cells were broken by
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two passes in a Parr Bomb under 2000 psi. The broken cells were centrifuged at
3500 rpm for 10 minutes to eliminate unbroken cells. The supernatant was
recentrifuged at 7500 rpm for 10 minutes, and the supernatant from this spin was
centrifuged at 40 000 rpm for 2 hours. The pellet was brought up in the same
buffer as the cells for protein analysis in the low C 0 2 induction experiments. The
supernatant was concentrated using a Centricell and Centricon concentrator. The
proteins were loaded onto SDS-PAGE gradient gels, which were stained with
Coomassie Blue to visualize the proteins.

Isolation of carbonic anhydrase isoenzyme from cia5 mutant
The carbonic anhydrase isoenzyme from the cia5 mutant was isolated
according to the procedure described by Yang et al. (1985) with some modifications.
The cia5 cells were harvested by centrifuging the culture at 5000 rpm for 5 minutes.
The cells were then resuspended in 20 mM Tris-HCl (pH 7.5). After
homogenization by passing the cells through a Parr bomb at 1800 psi three times,
the broken cells were diluted to a volume of 150 mL with 20 mM Tris-HCl (pH
7.5). The homogenate was centrifuged at 10,000 rpm for 10 minutes and the
supernatant was subjected to ammonium sulfate fractionations of 35% and 70%.
The 70% ammonium sulfate precipitate was extensively dialyzed (six changes of
buffer) against 2 L of 100 mM NaCl, 1 mM EDTA, 20 mM sodium phosphate (pH
6.8). This step and all of the subsequent steps were performed at 4°C.
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Following dialysis, the dialysate was centrifuged at 10 000 rpm for 10
minutes and the supernatant was loaded on a P-aminomethylbenzene sulfonamideagarose affinity column (purchased from Sigma Chemical Co.). The column was
washed with 25 mM Tris, 22 mM Na2S04 (pH 8.2), followed by 25 mM Tris, 300
mM NaC104 (pH 8.7). The CA protein was eluted with 100 mM sodium acetate,
500 mM NaC104 (pH 5.6). The CA activity of this fraction was measured after
extensive dialysis against 2 L of 100 mM NaCl, 1 mM EDTA, 20 mM sodium
phosphate (pH 6.8).

Isolation of carbonic anhydrase from the medium of cia5/cw!5 mutant cells
The cia5/cwl5 cells were harvested by centrifuging the culture at 5 000 rpm
for 5 minutes. DEAE-Sephacel was added to the supernatant (culture medium) with
1 mM benzamidine-HCl and 5 mM e-amino caproic acid added as protease inhibitors
(Coleman and Grossman, 1983a). The culture medium with the gel material was
stirred overnight and then packed into a column. The column was washed with 1
mM Tris (pH 8.0) and then the bound periplasmic proteins were eluted with 1 mM
Tris, 0.5 M NaCl (pH 8.0). The eluant was concentrated and loaded on the affinity
column. The column was washed and the CA was eluted as in the preceding
section.
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Electrophoresis and immunoblotting
Electrophoresis using 12.5% polyacrylamide gels (0.8% bisacrylamide) was
performed as described previously (Laemmli, 1970). Immunoblotting was
performed as described in the protocol from Bio Rad Laboratories. To detect the
CA protein, antiserum raised against the periplasmic CA1 from the low C 0 2-induced
WT cells of C. reinhardtii was used as primary antibody. This antiserum was
generously supplied by Mr. L. J. Manuel. To detect the RA protein, antiserum
raised against recombinant Chlamydomonas RA (kindly provided by Dr. R. Ramage,
University of Illinois) was used.
To detect the small subunit of the CA isoenzyme, a polyacrylamide gel for
separating low molecular weight polypeptides was run (Schagger and Von Jagow,
1987). The gel was fixed in 1% glutaraldehyde, 7% acetic acid, 40% methanol
prior to Coomassie blue staining (Kamo et al., 1990).
In the fractionation experiments, the pellets from the high speed spin were
loaded on 8%-14% gradient gels and the protein samples were run off the gel until
the 36 kDa molecular weight marker reached the bottom of the gel. The
concentrated supernatants from the high speed spin were loaded on 10%-20%
gradient gels and the protein samples were run off the gel until the 21 kDa
molecular weight marker reached the bottom of the gel. The pellets also were
loaded on straight 10% gels, and the supernatants also were loaded on straight 12%
gels. The gels 40 cm in length.
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N-terminal amino acid sequencing
To obtain the two subunits of the purified 39 kDa for sequencing, the purified
protein was run on a 15% SDS polyacrylamide gel. The gel was then blotted onto a
PVDF membrane. The membrane was stained with acid free Coomassie Blue stain
to visualize the bands and then destained in 50% methanol. The large and small
subunit bands were excised and sent to Baylor Medical College for sequencing on an
Applied Biosystems 4778 Protein Sequencer. In some experiments, the purified
protein was pyridylethylated before electrophoresis and sequencing (Kamo et al. ,
1990).
To obtain a clean 45 kDa and 24 kDa band for sequencing, the pellet and
supernatant were run on 10% and 12% long gels respectively. The same procedure
as for the sequencing of the two subunits of 39 kDa was followed except that the
membrane was stained with Coomassie Blue stain with 1 % acetic acid.

Carbonic anhydrase assays
CA activity was assayed electrometrically using a modification of the WilburAnderson method (Wilbur and Anderson, 1948). The samples were assayed at 3°C
by adding 10 /xL or 100 juL of the test sample to 3 mL of 10 mM 4-(2hydroxyethyl)-l-piperazine propane sulfonic acid (EPPS), pH 8.0. The reaction was
initiated by addition of 2 mL of ice cold C 0 2 saturated water. The time required for
the pH drop from 7.7 to 6.3 was measured. The activity of the test sample was
calculated using the equation: units=T0/T-1 where T is the time required for the pH
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change when the test sample is present and T0 is the time required for the pH change
when buffer is substituted for the test sample.

RNA Extraction and Northern analysis
RNA was extracted from C. reinhardtii cultures using the method of Smart
and Selman (1991). Northern blots were performed essentially as in Sambrook et
al. (1992), using a full length RA cDNA clone (kindly provided by Dr. A. Portis,
University of Illinois), or a partial CA1 cDNA clone (kindly provided by Dr. M.
Spalding, Iowa State University) as probe.

Fixation of cells for electron microscopy
For transmission electron microscopy, the cells were fixed in 2.0%
glutaraldehyde and 1 % osmium tetroxide for ten minutes. The cells were filtered
using a 2-4 p.M polycarbonate filter. The cells were then fixed in 2%
glutaraldehyde, 2% osmium tetroxide, and 0.05M sodium cacodylate buffer (pH 7.1)
for 10-20 minutes. After a rinse with distilled water, the cells were stained en bloc
with 0.5% uranyl acetate for 30 minutes. The cells were rinsed again with distilled
water and the samples were dehydrated in a graded series of alcohol to a final
concentration of 100% alcohol. The filter was incubated in LR White medium resin
for 30 minutes, and the LR White medium resin was replaced and allowed to
polymerize overnight. Thin sections were cut using a diamond knife mounted on a
Sorvall Porter-Blum MT-2 Ultramicrotome, poststained with uranyl acetate and/or
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lead citrate, and photographed on a JEOL JEM 100CX Transmission Electron
Microscope.

Other analytical methods
Protein concentration was determined by the method of Lowry et al. (1951)
with bovine serum albumin as standard. Chlorophyll was determined
spectrophotometrically (Arnon, 1949).

CHAPTER 4

PARTIAL CHARACTERIZATION OF A NEW ISOENZYME OF CARBONIC
ANHYDRASE ISOLATED FROM CHLAMYDOMONAS RE1NHARDT11
Introduction
The unicellular green alga, Chlamydomonas reinhardtii, is very efficient in its
use of C 0 2. Although the COz fixation pathway of C. reinhardtii is similar to C3
plants, a C 0 2 concentrating mechanism has evolved in C. reinhardtii to cope with
low C 0 2 conditions. This C 0 2 concentrating mechanism is not biochemically
characterized however. C. reinhardtii can exist in two physiological states with
respect to environmental C 0 2. Cells grown with high levels of C 0 2 (1% to 5% v/v
C 0 2 in air) exhibit all the characteristics of C3 plants including a high C 0 2
requirement for growth. However, Chlamydomonas cells grown with low levels of
C 0 2 (air levels of C 0 2 or below) can adapt to growth on low C 0 2 (Berry et a l.,
1976; Badger et al., 1980; Imamura et a l , 1983; Aizawa and Miyachi, 1986). Low
C 0 2-grown cells develop a mechanism that increases C 0 2 concentration at the active
site of Rubisco (Berry et al., 1976; Badger et al., 1980). Since C 0 2 and 0 2 are
competitive substrates, an increase in the C 0 2 concentration at the active site favors
the carboxylation reaction. The subsequent decrease in the oxygenation reaction
results in a decrease in photorespiration. Thus the energy lost during
photorespiration is minimized in C. reinhardtii. The potential loss of nitrogen which
is released as ammonia during photorespiration is also minimized.
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Growth on low concentrations of C 0 2 results in the production of CA located
in the periplasmic space and at least four other unidentified polypeptides (Coleman
et al., 1984, 1985; Manuel and Moroney, 1988; Spalding and Jeffery, 1989;
Moroney, 1990). The periplasmic CA is synthesized as a precursor of 42 kDa
(Toguri et al., 1986). Processing of the precursor results in a glycosylated protein
of approximately 80 kDa which is transported across the plasmalemma into the
periplasmic space (Coleman and Grossman, 1984; Toguri et a l., 1986). The
holoenzyme is thought to be a heterotetramer consisting of two large (37 kDa) and
two small subunits (4 kDa) linked by disulfide bonds (Kamo et al., 1990).
There is considerable evidence that there are other isoenzymes of CA present
in C. reinhardtii. This evidence includes physiological studies on the effect of
membrane permeant CA inhibitors (Husic et a l., 1988) and the presence of CA
activity in C. reinhardtii in protoplasts and intact chloroplast preparations (Katzman
et al., 1994). There also exist a number of C. reinhardtii mutants that require
elevated C 0 2 concentrations for photoautotrophic growth (Spalding et a l., 1983a,
1983b; Moroney et al., 1987b, 1989). One mutant, cia3, is missing a putative
chloroplastic CA and accumulates high concentrations of inorganic carbon internally
(Katzman et al., 1994; Spalding et al., 1983a). A second mutant, cia5, fails to
make the low C 0 2-induced CA and any of the proteins associated with the C 0 2
concentrating mechanism (Moroney et al., 1989). However, even though the
inducible CA is absent, upon homogenization of cia5 cells, some soluble CA activity
remains. I have purified the isoenzyme that is responsible for this activity
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employing a modification of the procedure used to isolate the low C 0 2-induced CA.
In this chapter, I report the partial amino acid sequence and describe the
characteristics of this isoenzyme.

Results
Purification of isoenzyme of carbonic anhydrase
The purification of the isoenzyme from the cia5 mutant of C. reinhardtii was
carried out several times. Table 4.1 shows the purification and the resultant specific
activity of the isoenzyme from the cia5 mutant of C. reinhardtii. The purification of
this isoenzyme is 2500 fold from the homogenate and the specific activity is 740
units per mg protein. In five other purification attempts, I obtained yields ranging
from 20% - 50% of the initial activity and obtained specific activities as high as
1000 - 1500 units per mg for this isoenzyme. Although this specific activity is not
as high as 2500 units per mg protein, reported for the low C 0 2-induced CA by Yang
et al. (1985), it is well within the range of reported specific activities of other
purified CA’s and indicates that this second CA isoenzyme from C. reinhardtii is a
functional protein.
When the fraction containing the purified CA activity was loaded on a 12.5%
polyacrylamide gel, it migrated at approximately 39 kDa (Figure 4.1 A). The
absence of other bands clearly shows that the CA fraction consists mainly of the 39
kDa protein and that there are no other protein contaminants present. In
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Table 4.1: Purification of carbonic anhydrase from 45 L of cia5 of C. reinhardtii.
The fraction labelled as "sample loaded on column" refers to the resuspended 70%
ammonium sulfate pellet dialyzed against 100 mM NaCl, 1 mM EDTA, 20 mM
sodium phosphate (pH 6.8).

Total
Activity

Total
Protein

Specific
Activity

Yield

(Units)

(mg)

(units/mg)

(%)

Homogenate

2 000

6 600

0.30

Supernatant

1 500

3 800

0.39

75

1.3

70% Pellet

910

570

1.6
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5.3

Sample
Loaded on
Column

770

420

1.8

38

6.0

Affinity
Chromatography

400

0.54

740

20

2500

Fractions

Purification

1.0
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55 kDa

55 kDa

<-

36 kDa
29 kDa

36 kDa
29 kDa

Figure 4.1: Comparison of the low C 0 2-induced carbonic anhydrase and the cia5
carbonic anhydrase isoenzyme. A. Proteins stained after 12.5% SDSpolyacrylamide gel electrophoresis with Coomassie blue. Lane 1 contains 5 fig of
external periplasmic carbonic anhydrase isolated from WT cells induced with low
C 0 2. Lane 2 contains 5 fig o f carbonic anhydrase isolated from cia5 mutant. B.
Western blot of carbonic anhydrase proteins probed with antisera raised against the
induced external periplasmic carbonic anhydrase. Lane 1 contains 2 fig of external
periplasmic carbonic anhydrase. Lane 2 contains 2 fig of carbonic anhydrase
isolated from cia5 mutant.
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comparison, the low C 0 2-induced CA runs as a doublet at 35 kDa and 37 kDa, an
apparent difference of approximately 2 kDa.
The 37 kDa low C 0 2-induced CA is known to have a small subunit of 4 kDa
(Kamo et a l , 1990). To determine if the cia5 isoenzyme also contained a small
subunit, a low molecular weight polyacrylamide gel was prepared. After
electrophoresis, the gels were fixed with 1% glutaraldehyde to aid in the
visualization of the band. Upon Coomassie staining, a small subunit with an
apparent molecular weight slightly larger than the small subunit of the low C 0 2induced CA is visible (Figure 4.2). These results suggest that the CA isolated from
cia5 is either a second isoenzyme of CA or a modified CA, possibly arising from
the mutagenesis.
The CA isoenzyme isolated from cia5 cells is present in much lower amounts
than the low C 0 2-induced isoenzyme found in WT cells. The CA activity per mg
chlorophyll in cia5 cells grown under high C 0 2 is considerably less than the CA
activity per mg chlorophyll of WT cells grown in air (Table 4.2). As described
before, the cia5 strain fails to make the low C 0 2-induced CA when placed in air so
there is little increase in CA activity in this strain (Table 4.2). When the amount of
purified CA per mg chlorophyll in cia5 cells is compared to the low C 0 2 induced
CA from WT cells, it can be seen that the cia5 isoenzyme is present in very low
amounts (Table 4.3). In fact, the low C 0 2-induced CA from WT cells has 56 units
per mg chlorophyll in comparison to 0.61 units per mg chlorophyll in cia5 cells;
approximately 92 times the amount present in cia5 cells. These observations agree
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Figure 4.2: Comparison of carbonic anhydrase isoenzymes after electrophoresis to
separate the low molecular weight proteins and stained with Coomassie blue. Lane
1 contains 15 ^g of external periplasmic carbonic anhydrase isolated from WT cells
induced with low C 0 2. Lane 2 contains 15 /xg of carbonic anhydrase isolated from
cia5 mutant.

Table 4.2: Comparison of carbonic anhydrase activity in broken cells of various
strains.
STRAIN

Growth Conditions

carbonic
anhydrase
activity

Reference

units mg Chi'1
Wild Type

5% C 0 2 in AIR

1.5 units

This work

Wild Type

AIR

72 units

Yang et a l.,
1985

cia5

5% C 0 2in AIR

3.0 units

This work

cia5

AIR

3.5 units

Katzman et
al., 1994
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Table 4.3: Comparison of carbonic anhydrase activity in cia5 and cia5/cwl5.
STRAIN

cia5
cia5/cwl5

70% pellet

Media

units mg
Chi'1

units mg
Chi’1

1.4
< 0.05

< 0.05
1.5
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with earlier results which showed that the low C 0 2 induced CA accounts for greater
than 90% of the CA activity in wild type cells.

Characterization of isoenzyme
The CA fraction was probed with antibodies raised against the low C 0 2
induced CA. The Western blot showed that the 39 kDa band cross-reacted with the
antibody (Figure 4.1 B) indicating that the two proteins are antigenically similar.

Localization of isoenzyme
The low C 0 2-induced CA is periplasmically localized (Coleman et a l., 1984;
Yang et al., 1985; Toguri et al., 1986). This CA is excreted by the cell wall
deficient C. reinhardtii strain, cc400 (cwl5 mt+). Therefore, the double mutant
construct, cia5/cwl5, was used to localize the new CA isoenzyme. Like the cia5
mutant, this mutant is unable to synthesize any of the proteins associated with the
C 0 2 concentrating mechanism, and like the cwl5 mutant this mutant excretes
periplasmic proteins into the media. Upon performing CA assays on the cia5/cwl5
mutant media, faint CA activity was detected. To concentrate the sample, the
periplasmic proteins excreted into the media were adsorbed onto DEAE Sephacel
(Coleman et a l., 1983a). The eluted proteins were then isolated by the same affinity
column used in the isolation of the isoenzyme from cia5. The polyacrylamide gel of
the CA fraction shows that a 39 kDa doublet is present (Figure 4.3 A). As in
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A

B

55 kD a •
55 kD a -

36 kDa
36 kD a ■
29 kD a
29 k D a -

Figure 4.3: SDS polyacrylamide gel electrophoresis of carbonic anhydrase proteins.
A. Proteins stained with Coomassie blue. Lane 1 contains 3.0 /xg o f low C 0 2induced periplasmic carbonic anhydrase isolated from WT cells induced with low
C 0 2. Lane 2 contains 2 fig of carbonic anhydrase isolated from cia5 mutant isolated
from cia5/cwl5. B. Western blot of proteins probed with antisera raised against the
induced external periplasmic carbonic anhydrase. Lane 1 contains 1 fig of low C 0 2induced periplasmic carbonic anhydrase. Lane 2 contains 0.5 fig of carbonic
anhydrase isolated from cia5/cwl5.
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Figure 4.1 A, no other contaminating bands are present in the lane. The Western
blot of this CA fraction also showed the 39 kDa band cross-reacted with the
antibodies raised against the low C 0 2-induced periplasmic CA (Figure 4.3 B). It is
highly likely that the 39 kDa band in the two gels is the same protein.
The possibility arises that this 39 kDa protein isolated from the cia5/cwl5
mutant construct is a contamination of an internal CA that has been released from
broken cells. To test this possibility, well-washed cia5/cwl5 cells were broken and
tested for internal soluble CA activity. Even after undergoing a partial CA
purification very little internal CA soluble activity was detected. Table 4.3
compares the CA activity of the media and the 70% pellet in cia5 and cia5/cwl5.
CA assays show that the 70% pellet of cia5 has CA activity, while the 70% pellet of
cia5/cwl5 has virtually zero activity. Conversely, the CA assays show that the
medium of cia5 has no activity, while the medium of cia5/cwl5 has some CA
activity. In cia5/cwl5, approximately all the soluble CA was present in the
medium. This evidence suggests that the 39 kDa protein released in the periplasm
accounts for a majority of the soluble activity found in cia5 cells. It is unlikely
therefore that the 39 kDa CA found in the medium of a cia5/cwl5 culture is the
result of cell breakage. The immunological evidence suggests that the CA released
into the medium by the wall-less cia5/cwl5 is the same 39 kDa protein obtained
after the 70% ammonium sulfate precipitation of cia5 mutant. Therefore, the cia5
isoenzyme, like the low C 0 2-induced isoenzyme, is also periplasmic in location.
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N-terminal sequence of isoenzyme
Fukuzawa et al. (1990) recently reported the amino acid sequence of the low
C 0 2-induced CA from C. reinhardtii. In addition, Fujiwara et al. (1990) reported
the deduced amino acid sequence of two closely linked CA genes, cahl and cah2.
They showed that the low C 0 2-induced CA sequence corresponded to the deduced
sequence from cahl. The sequence of cahl and cah2 are very similar. I, therefore,
performed N-terminal amino acid sequencing of the CA isoenzyme isolated from
cia5 to determine which gene coded for this protein.
The N-terminal sequence of the pyridylethylated isoenzyme shows that this
protein differs from the sequence of the low C 0 2-induced CA at amino acid residues
15 and 16 (Figure 4.4 A). The amino acid sequence of cah2 gene product as
determined from the nucleotide sequence is exactly the same as the N-terminal cia5
isoenzyme sequence. Sequencing of the non-pyridylethylated protein results in an
unidentifiable peak that runs near tryptophan at the N-terminal. When the
pyridylethylated protein is run, a pyridylethylated cysteine peak is detected along
with the unidentifiable peak that elutes at the same position as the nonpyridylethylated protein peak, but is smaller in magnitude. A methyl cysteine
standard was run and it was determined that the N-terminal was clearly not methyl
cysteine. The N-terminal thus consists of a modified cysteine that is less susceptible
to pyridylethylation.
The first twenty acids of the N-terminal amino acid sequence of the small
subunit match perfectly with the nucleotide derived amino acid sequence of the cah2
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Figure 4.4: N-terminal amino acid sequence of the large and small subunits of 39
kDa carbonic anhydrase. Underlined amino acids in the low C 0 2-induced carbonic
anhydrase sequence differ from the cia5 isoenzyme sequence. A. N-terminal amino
acid sequence of the large subunit of 39 kDa carbonic anhydrase compared to the
deduced amino acid sequences of a protein coded by the cah2 gene and the known
amino acid sequence of the low C 0 2-induced carbonic anhydrase. B. N-terminal
amino acid sequence of the small subunit of 39 kDa carbonic anhydrase compared to
the deduced amino acid sequence of the small subunit of a carbonic anhydrase
encoded by the cah2 gene and the known N-terminal sequence of small subunit of
the low C 0 2-induced carbonic anhydrase.
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gene product, (Figure 4.4 B). The amino acid sequence of the small subunit of the
cahl gene product differs in five places in these twenty amino acids. From this
information, it appears that the cia5 isoenzyme is the cah2 gene product. It is also
clear that this isoenzyme is not the product of the cahl gene.

Discussion
The cia5 mutant of C. reinhardtii appears to be deficient in the regulatory
component of the C 0 2 concentrating mechanism that occurs when the wildtype
cultures are switched from high C 0 2 to low C 0 2. It is unable to synthesize any of
the five proteins associated with the mechanism (Moroney et al., 1989). One
component of this C 0 2 concentrating mechanism is the low C 0 2-induced periplasmic
CA, which is not induced in the cia5 mutant. However, upon homogenization of the
cia5 strain, the soluble protein fraction still contains CA activity. In this paper, I
have shown that another CA isoenzyme is responsible for this activity. The specific
activity for this enzyme, 740-1500 units/mg, indicates that it is a "fast" CA-like the
low C 0 2-induced CA. This isoenzyme of CA is very similar to the low C 0 2induced CA previously characterized, but it is also clearly distinct from this
previously characterized isoenzyme. The cia5 isoenzyme runs at 39 kDa on a
reducing SDS polyacrylamide gel, a higher apparent molecular weight than the low
C 0 2-induced periplasmic CA that runs at 37 kDa. The 39 kDa band is recognized
by antisera raised against the 37 kDa band, showing that the two proteins are
antigenically similar. Like the low C 0 2-induced CA, the cia5 isoenzyme has a small
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subunit. The small subunit of the cia5 isoenzyme is of higher apparent molecular
weight than the small subunit of the low C 0 2-induced CA (Figure 4.2). When the
CA activities are compared in cell homogenates, the activity for the low C 0 2induced periplasmic CA is considerably greater than the activity for the cia5 isolated
CA. The 39 kDa protein, thus, is present in very low amounts in cia5 (Table 4.2).
In one of the models proposed for the C 0 2 concentrating mechanism, the
location of the CA is hypothesized to be in the periplasm, cytoplasm, and the
chloroplast of C. reinhardtii. Furthermore, the active transport step is theorized to
occur at the chloroplast envelope according to this model (Moroney and Tolbert,
1985; Moroney et al., 1987a). My results show that the cia5 isoenzyme is
definitely not a soluble chloroplast CA nor a cytoplasmic CA. Purification of this
CA from the cia5/cwl5 medium supports this hypothesis, (Figure 4.3). Cia5/cwl5
is a wall-less mutant that, like the cia5, is unable to respond to low C 0 2 conditions,
and like cw l5 secretes periplasmic proteins into the media.
Fujiwara et al. (1990) have isolated the gene cahl for the low C 0 2-induced
CA. The cahl gene has 11 exons and 10 introns. The length of the coding region
is 3432 bp including a leader sequence and a signal peptide. This gene appears to
be more similar to mammalian CA than to CA’s from higher plants. Unlike the
spinach CA (Fawcett et al., 1990), the cahl gene product has the characteristic
histidine residues present at the active site of mammalian CA’s. Fujiwara et al.
(1990) also sequenced a second gene cah2, which occurs in tandem with cahl and
codes for a homologous form of CA. Cahl is induced by low C 0 2 and light while
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cah2 is not induced by low C 0 2 and is expressed in high C 0 2. Comparison of the
N-terminal amino acid sequence of the large subunit of the cia5 isoenzyme with the
amino acid sequence of the low C 0 2-induced CA shows that the cia5 isoenzyme
differs from the low C 0 2 induced CA at positions 15 and 16 in the first 21 amino
acids. The cia5 isoenzyme is more similar in amino acid sequence to the putative
cah2 gene (Figure 4.4 A). In fact, both the large subunit sequence and the small
subunit sequence match the deduced amino acid sequence of cah2 gene product
(Figure 4.4). These observations indicate that the CA isoenzyme isolated from the
cia5 strain is the product of the cah2 gene.
As stated earlier, the cia5 isoenzyme is present in very low amounts in cia5
as compared to the low C 0 2 induced isoenzyme in wild type cells. However, this
isoenzyme is present in even smaller quantities in the WT cells when these cells are
grown under high C 0 2. The physiological role of the cia5 isoenzyme in the C 0 2
concentrating mechanism remains to be discovered. The cah2 gene is clearly
transcribed in WT cells and is regulated in a fashion different from the cahl gene,
which codes for the low C 0 2-induced CA (Fujiwara et al. 1990; Fukuzawa et al.,
1990). The cah2 gene may be just a gene duplication without a function, or it may
be an essential component of the C 0 2 concentrating system important in serving as a
signal for the C 0 2 concentrating mechanism. Future work will be required to clarify
these possibilities.

CHAPTER 5

REGULATION OF CARBONIC ANHYDRASE AND RUBISCO ACTIVASE IN
CHLAMYDOMONAS
Introduction
In higher plants, a number of proteins are required for growth at low C 0 2.
These proteins include rubisco activase (RA) as well as the enzymes of the Calvin
cycle, C-2 or photorespiratory cycle, and those of nitrogen assimilation. In addition
to these proteins, unicellular algae also have a C 0 2 concentrating mechanism which
presumably overcomes the slow diffusion of C 0 2 in the aqueous environment under
low C 0 2 conditions. One component of the C 0 2 concentrating mechanism that has
been conclusively identified is a CA localized to the periplasmic space in C.
reinhardtii and many other algae (Coleman et al., 1984). This protein is encoded by
the cahl gene (Fujiwara et a l., 1990), and it is strongly induced when the alga is
grown under low C 0 2 conditions (Fukuzawa et al., 1990). As in other unicellular
green algae, C 0 2 fixation in C. reinhardtii is enhanced by the presence of a C 0 2
concentrating mechanism which increases C 0 2 at the site of rubisco (Berry et al.,
1976; Badger et al., 1980; Imamura et al., 1983; Aizawa and Miyachi, 1986). C.
reinhardtii is able to grow photoautotrophically in air levels, 0.03% and below, of
C 0 2 as well as high C 0 2 (1 %- 5%). C. reinhardtii cells that are grown under high
C 0 2 conditions have an apparent affinity for C 0 2 similar to C3 plants, requiring
about 20-30 /xM C 0 2 for maximal rates of photosynthesis. However, when algal
cells are placed in low C 0 2, their apparent affinity for C 0 2 increases and only 1 to 2
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pM C 0 2 is required for high rates of photosynthesis. The C 0 2 concentrating
mechanism results in the production of a periplasmic CA and at least five other
unknown proteins (Coleman et al., 1984, 1985; Manuel and Moroney, 1988;
Spalding and Jeffery, 1989; Moroney, 1990). A high C 0 2 requiring mutant, cia5,
which lack these six inducible proteins, has been isolated (Moroney et al., 1989).
RA facilitates the activation of rubisco. It was first identified in Arabidopsis
thaliana as the enzyme missing in a high C 0 2 requiring rca mutant (Somerville et
al., 1982). Since then, it has been shown that RA promotes the activation of
rubisco in the presence of ribulose bisphosphate, Rubp, as well as other inhibitory
sugar phosphates in higher plants at atmospheric C 0 2 concentrations (Portis et a l.,
1986; Robinson and Portis, 1989b; Lilley and Portis, 1990). The exact mechanism
by which RA activates rubisco is not known although two nucleotide binding
domains have been identified in the deduced amino acid sequences of RA genes
from higher plants. RA is also known to have ATPase activity (Streusand et al.,
1987; Robinson and Portis, 1989a).
RA is present in the unicellular green alga, C. reinhardtii (Salvucci et a l.,
1987), where it is localized in the pyrenoid along with rubisco (Lacoste-Royal and
Gibbs, 1987; McKay et al., 1991). RA has been purified from Chlamydomonas and
the gene for RA has been cloned from C. reinhardtii (Roesler and Ogren, 1990).
The molecular weight of rubisco activase, 44 kDA, corresponded with the molecular
weight of one of the two polypeptides missing in pmp, a high C 0 2 requiring mutant
that appears to be deficient in inorganic C 0 2 transport (Spalding et al., 1983b). We
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examined this mutant and other high C 0 2 requiring mutants to see if any of these
mutants were missing the rubisco activase protein. So far a mutant lacking RA
protein and showing a high C 0 2 phenotype has not been isolated in C. reinhardtii.
In addition, the expression of RA in an organism that possesses a C 0 2 concentrating
mechanism has not been studied.
The inducible CA has been fairly well characterized in C. reinhardtii. The
gene for this CA (cahl) has been cloned by Fukuzawa et al. (1990). The nucleotide
sequence encodes a 377 amino acid polypeptide of 41 626 D which has a signal
peptide of 20 amino acids. The polypeptide is processed and is cleaved resulting in
a large subunit and a small subunit. It shows 20-22% homology at the amino acid
level with human CAs. The induction of CA is regulated at the transcriptional level
(Toguri et al., 1984; Toguri et al., 1986). The RNA transcript is present within
one hour after transfer to low C 0 2 conditions and it slowly increases in amount to
six hours when it starts to decrease (Bailly and Coleman, 1988, Fujiwara et al.,
1990). The effect of light on the induction and repression of CA transcripts has also
been examined in Chlamydomonas. When high C 0 2-grown cells are transferred to
low C 0 2 in the dark, the 37 kDa CA protein as well as the RNA transcript are not
induced. CA protein levels and transcript levels are also not induced after addition
of DCMU, an electron transport inhibitor, to low C 0 2 cells immediately after their
transfer from high C 0 2, implying that photosynthesis may be needed for induction
to occur (Fukuzawa et a l., 1990). A need for blue light (460 nM) for CA induction
has been demonstrated (Dionisio-Sese et al., 1989). Chlamydomonas cells
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illuminated with only red light (620-680 nM) during low C 0 2 adaption did not show
induction of the protein and transcript levels of CA; but, when blue light (460 nM)
and red light were used to illuminate the cells, the induction of CA protein did occur
(Dionisio-Sese et al., 1989).
In this chapter, I report the results of investigations into the expression of RA
and CA in C. reinhardtii. I have looked at the effect o f C 0 2, acetate, light, and the
cell cycle on RA and the CA transcript and protein levels.

Results
The, effect of external C 0 2-Concentration on .the..levels_of_-ruhisco activase and the
periplasmic carhnnic anhydrase.
In this experiment algal cultures were grown in minimal medium with high
C 0 2 (5% C 0 2 in air). The cultures were then transferred to air levels of C 0 2 and the
levels of periplasmic CA and RA were estimated by RNA blots and immunoblots.
Figure 5.1 shows that RA is not induced by low C 0 2. The protein levels of RA
remain constant after the transfer of cultures from high C 0 2 to low C 0 2 (Figure 5.1
A). The level of the RA transcript shows a transient decline when cells are placed in
air but by four hours, the transcript levels are equal to the transcript levels in C 0 2
grown cells (Figure 5.2 A). In contrast, the transfer to low C 0 2 results in the
synthesis of CA within two hours as judged by immunoblots (Figure 5.1 B). The
increase in the periplasmic CA protein is reflected in the cahl transcript level which
increases to its maximum in the first hour after transfer to air (Figure 5.2 B).
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Figure 5.1: An immunoblot of cell extracts from low C 0 2 adapted and high C 0 2grown cells probed with rubisco activase or carbonic anhydrase antibodies. Lane
CO, C l, C2, C4, C8, C12 : high C 0 2-grown cells at various times after
resuspension into fresh media. Lane A l, A2, A4, A8, A12: low C 0 2 adapted cells
at various times after resuspension into fresh media. All lanes contain 100 /xg of
protein.
A. Immunoblot of total cell protein probed with antibody to C. reinhardtii rubisco
activase
B. Immunoblot of total cell protein probed with antibody to C. reinhardtii
periplasmic carbonic anhydrase.
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Figure 5.2: An RNA blot of total RNA extracted from low C 0 2 adapted and high
C 0 2-grown cells probed with the RA gene or the cahl gene. Lane CO, C l, C2, C4,
C8, C12 : high C 0 2-grown cells at different times after resuspension into fresh
media. Lane A l, A2, A4, A8, A 12: low C 0 2 adapted cells at various times after
resuspension into fresh media. All lanes contain 5 /jlg of RNA.
A. RNA blot probed with a cDNA clone of C. reinhardtii rubisco activase.
B. RNA blot probed with a partial cahl cDNA clone of C. reinhardtii.
C. Formaldehyde agarose gel of total RNA.
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Figure 5.2 C shows that the amount of total RNA loaded in each lane is equal and
thus the increase in the amount of cahl transcript is a true reflection of the cahl
transcript.

The effect o f light and dark cycle on the level o f rnhisco activase and periplasmic

In higher plants, RA is influenced by the circadian clock (Martino-Catt and
Ort, 1992). Figure 5.3 A shows that in C. reinhardtii, when grown on a 12 hour
light, 12 hour dark regime, the steady-state levels o f RA protein oscillate over the 24
hour period. RA protein levels are low at the beginning of the light period and then
slowly increase until RA protein levels are highest towards midday to late afternoon
and then slowly decrease again. The steady-state RA transcript levels of RA also
varies over the 24 hour period (Figure 5.4 A). The oscillation pattern differs from
that of Cab mRNA transcript which codes for the chlorophyll a/b binding proteins of
photosystem II (Jacobshagen and Johnson, 1994). The Cab transcript levels are
highest early in the light period while the RA transcript levels are highest just before
the start of the light period and slowly decrease throughout the light period. The RA
transcript starts increasing slowly in the dark period until a maximum is reached
before the light comes on. The RA protein oscillation seems to be staggered with
respect to the mRNA transcript. The accumulation of the RA protein is highest at 6-8
hours after light is turned on in contrast to the maximum levels of RA mRNA
transcript which occur before the light is turned on in the dark period. The difference
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Figure 5.3: An immunoblot of cell extracted from low C 0 2-grown cells under a 12
hours light to 12 hours dark regime probed with rubisco activase or carbonic
anhydrase antibodies. The lights came on at 8 AM and went off at 8 PM. The time
point harvested at 7 AM was in the dark. The time points at 9 AM, 1 PM, and 5
PM were from illuminated samples. Darkened samples also were harvested at 9
PM, 1 AM, and 7 AM. All lanes contain 100 /xg of protein.
A. Immunoblot of total cell protein probed with antibody to C. reinhardtii rubisco
activase
B. Immunoblot of total cell protein probed with antibody to C. reinhardtii
periplasmic carbonic anhydrase.
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Figure 5.4: An RNA blot of total RNA extracted from low C 0 2-grown cells under a
12 hours light to 12 hours dark regime probed with the RA geen or the cahl gene.
The lights came on at 8 AM and went off at 8 PM. The time point harvested at 7
AM was in the dark. The time points at 9 AM, 1 PM, and 5 PM were from
illuminated samples. Darkened samples also were harvested at 9 PM, 1 AM, and 7
AM. All lanes contain 10 /tg of total RNA.
A. RNA blot probed with a cDNA clone of C. reinhardtii rubisco activase.
B. RNA blot probed with a partial cahl cDNA clone of C. reinhardtii.
C. Formaldehyde agarose gel of total RNA.
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in timing between the transcript and protein levels implies that this control may occur
at the translational as well as transcriptional level. It should be noted that the protein
is present at all times during the cycle and it is only the amounts that varies.
Furthermore, C. reinhardtii cells grown under high C 0 2 conditions showed the same
RA protein and RA mRNA transcript oscillation patterns (data not shown).
When Chlamydomonas reinhardtii is grown under low C 0 2 conditions and a
12 hour light: 12 hour dark cycle, the cahl transcript coding for carbonic anhydrase
also appears to undergo oscillations in the steady state level (Figure 5.4 B). Like the
RA transcript, the level of the cahl transcript begins to increase during the dark
period before the light is turned on. The level of the message continues to increase
during the early light period, then declines late in the light period so that the level of
the transcript is very low for most of the dark cycle. As seen in figures 5.1 and 5.2,
low C 0 2 is required for induction of the cahl transcript. If the cells are grown with
elevated C 0 2, the level of the cahl transcript remains undetectably low throughout the
light/dark cycle (data not shown). It should be noted that these RNA blots were
probed with noncoding 3' end of a cahl clone. The cahl and cah2 genes are so
similar in nucleotide identity in the coding region that the cahl probe would bind to
the cah2 transcripts (Figure 5.5). Although cah2 message is known to be lesser in
amounts than the cahl transcript, the cah2 transcript is still present in the dark which
would confuse the pattern of cahl message.
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cahl
cah2

TAA A CTTCCC AG TAGTTAGT CACGCTACCA CCGTCGGCAC GGCCAGCAGG
* * * g a ca g g a ttg g c a g * a * tc g a a a c ta c ta tg t* a g c a c tg ttc g c * c
C A T T C C A T T T T C C A G G C TTT GCTTCACGGT T TG G TG TG TC ATTCGATGGT
g c g * a tg a c a c tg g tc g * g g a * g a g * g * a a g a * c g c c tg * g g c g c ta a a a
GTTCTTG A CG A CCCG CGCTT GGCGGGCCTT T C C A A T T T T T TCCATAGTAC
* c * t* a * c a c g g a a c t* a a g c a ta a c a * a c g a g g tc g g g * * a t c g t a c t g
ACCGAAATAG TTCTG CG G TG CAGCACGCAT ACACACAGTA CCGGACGGGC
* a * tc g g a * * g g * g a g * c c * * t t a c a c t g c c g g a * g g ta g t t * * c * t c * t
GGCGGGACCT C C T G T T T T C T CCTGACTAGT AAAGAAGTAA GGAAGGTATG
* a * t* t g a a * g g * a g c a a a * * g a * tg a g * * t t t t t t t * g t a * g tc * g * * *
GAGTTG GTTC CACGATGGGG CAGTCTGAGA GCGGAATAAA GTCAGTGGGC
c g t* g c * g a t g g a tc a a * * a g g a * * a a g * t * g * * ttg * tt * * g * * g * * tt
CGGACGTTGT GGCGATGGAT GGTAGTGAGG CAAGTAATAC GTACGTAGAG
g a t* a * * a c a c c g * g a a c c c c * a * * g c * * * a g c * g g g a g * c g * t* g c * g c
GGCGTACGCG GGTAATAACG GGAACTTCGA CAGCAATCGA GAGTGTCTGC
* * t* g c a * a t * c * ttc c * g c * t* c tg a a t* a t* g c tg * c c tg c c tg g a * g
ACGCGAGACA TTTG CG TA CA GGGGAGGCAC CG G TTC TC C T CGATGAGTGA
t t t t * * * c g * g * g c a * * tg * t a c c t t t t t t g a * g * a g ttg t* g c * c c * tg
TC C G T A C T TA TGCAAGTTAT ATAAGGCTGG TGTGGGGCGC TTCAGCACGG
g * a tg g t* * t g c * g cc g g ca * cg g cc* * * c c t* t* * c * * t g c g t* g tg c t
TATG G TTG CC AGCATGCACG GTCCGG CCTC TGTCTG GCTG GCTGGGTTGT
* g a * * g c tg a c c * c a t* c a c * g * * c a tg g g * * a tc a * g g c a tc a a * * * tc
TGGCGGGCTG GCCTCATGCG CGCCGTCGCA CATGCCGATC AATGCAGTTG
g t* * c c c g c a c * g c * * c a tc a c g * a a ta a * * g c * tt* * * * t t c c * * t a * a
CTCTCCA G TA GCTGCAAGGC CTGGCTGGGC AATCCCATAG CCATGTCGAA
* * g * ttg a c * t * g * t t t t c a g g tc g a t* c t * * c ta a t* tc a * g g c * g a g t
TGTGAAGCAT T G T T T T C T T G GAGATGGAGG ACAGGAGACG CTGACCGGAT
c a c a c * a tg c * c g * g a * c a t t ta t g c * g c * * tg * a t* g * * g g * tg a c a g *
G TTTTAAG AC GTGCAGGATG TGGGGAGCGA GGTAGCTACA ACGGTGCAGT
* c a g a g c c g t a g * * c c * ta * c * c a t t a t * t c * * t* g a g g c g g t* * * tc a g
TGAGGCAGAG ACGTGTACGA CATGTAAGAT GCCCATGGAC AAAAAAGGCC
a c ttc a * a tc g g a c tc g a a c tc g c g * c * tg a a tg * * * c g t g tg * g c tt* a
CTGGG TG TCC CTCGCAAAGG GAAAACGTGG GCTGCGCCCC AAAAGTGGGC
* a * * c g t* g t a g * t t t g t * c a tg g tg ta c * a g * * g c tg * a * g * g a g c a c a
ACAAGTCACG C C T C C C G T C T GAGGCCGCAA GTGTCTA CCT CATCGCCAGG
g * tg c * t* g * g * g tg ta a g * a tc a * * * g t* c * * a * a c a tc a c c * a g * c t*

Figure 5.5: Comparison of cahl and cah2 nucleotide sequence at 3’ end. The Spe I
restriction site present in the cahl nucleotide sequence is underlined. Asterixs
indicate cah2 nucleotide residues identical to the cahl nucleotide residues at the
same position.
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In low C 0 2-grown cells, the steady state levels of periplasmic carbonic
anhydrase protein do not show this oscillation (Figure 5.3 B). This is not surprising
as it is known that the periplasmic CA is a very stable protein. Recent work from
our laboratory indicates that the CA protein is detectable in cells even two days after
they have been switched to high C 0 2 growth conditions where they stop making the
protein

(Ramazanov et al., 1994).

Switching cells on high CO-, to low CO-, in the dark
One surprising result of the previous experiments was that the cahl transcript
could be detected in the dark in the synchronous cultures. This can be seen in the 7
AM time points of Figures 5.4 B. I, therefore, wanted to determine whether light
was absolutely necessary for the induction of CA. For these experiments, the cells
were grown synchronously on high C 0 2 and then were switched to low C 0 2
conditions after the start of the dark period. Figure 5.6 shows that CA1 protein was
induced in the dark when the cells were placed in low C 0 2 conditions. The protein
appeared just before the beginning of the light period and continued increasing in
amount during the light period. The cells that were not exposed to light and kept in
constant darkness after being switched to low C 0 2 also showed a gradual increase in
the CA protein (Figure 5.6). This appearance of protein in the dark just before the
light period correlates with the appearance of the cahl mRNA transcript in the dark
period (Figure 5.7 A). Control cells that remained on high C 0 2 did not induce the
protein or the message (data not shown).
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Dark
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Figure 5.6: An immunoblot using carbonic anhydrase antibodies of cells extracted
from cells grown synchronously under high C 0 2 conditions and switched to low C 0 2
conditions in the dark using cahl as a probe. The cells were grown in 12 hours
light to 12 hours dark period. The lights were turned on at 8:00 AM and turned off
at 8:00 PM. The cells were switched from high C 0 2 to low C 0 2 at 8:15 PM. The
time point harvested at 7 AM was in the dark and under high C 0 2 conditions. The
time points at 9 AM, 1 PM, and 5 PM were from illuminated samples and under
high C 0 2 conditions. Darkened samples under low C 0 2 conditions were harvested
at 9 PM, 1 AM, and 7 AM. A set of samples was placed in light and samples at 9
AM and 1 PM were harvested. Another set was left in the dark and samples at 9
AM and 1 PM were harvested. Immunoblot of total cell protein probed with
antibody to C. reinhardtii periplasmic carbonic anhydrase. All lanes contain 100 fig
of protein.
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Figure 5.7: A RNA blot of RNA isolated from cells grown synchronously under
high C 0 2 conditions and switched to low C 0 2 conditions in the dark using cahl as a
probe. The cells were grown in 12 hours light to 12 hours dark period. The lights
were turned on at 8:00 AM and turned off at 8:00 PM. The cells were switched
from high C 0 2 to low C 0 2 at 8:15 PM. The time point harvested at 7 AM was in
the dark and under high C 0 2 conditions. The time points at 9 AM, 1 PM, and 5
PM were from illuminated samples and under high C 0 2 conditions. Darkened
samples under low C 0 2 conditions were harvested at 9 PM, 1 AM, and 7 AM. A
set of samples was placed in light and samples at 9 AM and 1 PM were harvested.
Another set was left in the dark and samples at 9 AM and 1 PM were harvested.
A. RNA blot probed with a partial cahl cDNA clone of C. reinhardtii. All lanes
contain 10 /xg of RNA.
B. Formaldehyde agarose gel of total RNA.
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Low CQo induction under mixotrophic growth experiment
The addition of an alternate carbon source, acetate, to cells grown in minimal
medium under high C 0 2 and low C 0 2 affects the level of CA protein but does not
seem to affect the level of RA protein (Figure 5.8). Induction at the protein level of
CA is slower in mixotropic cultures. In Figure 5.8 A, the CA protein appears at 8
hours in low C 0 2 bubbled mixotropic cultures as compared to 2 hours in low C 0 2
bubbled minimal media cultures.

Discussion
Chlamydomonas reinhardtii is a unicellular green alga noted for its ability to
grow well autotrophically at low levels of C 0 2 as well as higher levels of C 0 2.
Like other unicellular green algae, Chlamydomonas reinhardtii, when placed at low
levels of C 0 2, induces a C 0 2 concentrating mechanism that increase C 0 2 at the site
of rubisco, resulting in a decrease in the energy lost during photorespiration. The
C 0 2 concentrating mechanism results in the production of a periplasmic CA and five
other unknown proteins (Coleman et al., 1984, 1985; Manuel and Moroney, 1988;
Spalding and Jeffery, 1989; Moroney, 1990). One of these proteins has a molecular
weight of 44 kDa similar to the molecular weight of C. reinhardtii rubisco activase.
The inducible 44 kDa protein is missing in the pmp mutant which needs high C 0 2
for growth (Spalding et al., 1983). We probed this pmp mutant and other high C 0 2
requiring mutants with the antibody raised against purified C. reinhardtii rubisco
activase antibody to see if any of these mutants were missing the
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Figure 5.8: Protein analysis of mixotrophic cells under low C 0 2 and high C 0 2
conditions. Lane TCO: high C 0 2-grown cells with acetate. Lane TA1, TA2, TA4,
TA8, TA12: low C 0 2 adapted cells grown with acetate at various times after the
cells were switched to low C 0 2. Lane CO: high C 0 2-grown cells. Lane A l, A2,
A8, A12: low C 0 2 adapted cells at various times after the cells were switched to
low C 0 2. All lanes contain 100 fxg of protein.
A. Immunoblot of total cell protein probed with antibody to C. reinhardtii rubisco
activase
B. Immunoblot of total cell protein probed with antibody to C. reinhardtii
periplasmic carbonic anhydrase.
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rubisco activase protein. All the high C 0 2 requiring mutants possessed the rubisco
activase protein (data not shown).
RA from C. reinhardtii has been cloned and sequenced (Roesler and Ogren,
1992). The mature polypeptide has a 65% amino acid sequence identity with RA
from Arabidopsis. Unlike higher plants, there is no evidence of alternative splicing
and it is coded by a single gene (Roesler and Ogren, 1992). Since one of the
proposed functions of RA is to allow full activation of rubisco at atmospheric C 0 2
conditions in higher plants, I looked at the level of RA in low and high C 0 2-grown
cells in C. reinhardtii. My data indicate that the level of RA transcript and protein
is unaffected by the amount of C 0 2 supplied to the C. reinhardtii cells, in contrast to
the levels of CA protein and transcript which are induced by low C 0 2 conditions as
observed earlier by Bailly and Coleman (1989) and Fukuzawa et al. (1990). The
increase in apparent affinty for C 0 2 that occurs as a result of the C 0 2 concentrating
mechanism is not reflected in a change in the steady-state RA protein and transcript
levels. RA has not been found in unicellular cyanobacteria such as Synechococccus
which also possesses a C 0 2 concentrating mechanism; however, the gene for rubisco
activase has been cloned from Anabena, a filamentous cyanobacterium which does
possess a C 0 2 concentrating mechanism (Li et al., 1993).
In higher plants, RA has been shown to be under circadian control (MartinoCatt and Ort, 1992). The oscillation pattern is different from that of Cab, another
gene whose protein product is involved in photosynthesis and is under circadian
control. In addition, the RA oscillations appear to be weaker in intensity as
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compared to the Cab gene. In C. reinhardtii, the RA transcript exhibits the same
pattern of oscillation as in higher plants with the transcript peaking right before the
lights are turned on. This oscillation is present in low C 0 2-grown cells as well as
high C 0 2-grown cells. Like higher plants, the protein oscillation is staggered with
respect to the mRNA transcript in C. reinhardtii. The amount of RA protein is
maximal hours after the transcript has reached its maximum implying an additional
level of control or that significant processing of the protein occurs.
C. reinhardtii is able to grow heterotrophically when cells are supplied with
acetate as a carbon source. I examined the levels of RA protein and transcript under
mixotrophic conditions where acetate is added to minimal media but also bubbled
with either high C 0 2 or low C 0 2. Since the cells are not fixing C 0 2 at a high rate
under mixotrophic conditions, the need for RA might be expected to be reduced.
My data show that the level of RA protein is similar in mixotrophic cells which are
bubbled with high C 0 2 or low C 0 2. RA is, thus, synthesized even under
mixotrophic conditions and its level is relatively unaffected by carbon source or C 0 2
level.
Previous experiments on the induction of CA by low C 0 2 have utilized C.
reinhardtii cells that have been grown under constant light in asynchronous
conditions. I decided to examine the effect of a light/dark cycle on the level of CA
protein and cahl transcript. Cells grown in high C 0 2 under synchronous conditions
did not show induction of the cahl trranscript, as expected since low C 0 2 is the
prerequisite for induction of CA. However, cells grown in low C 0 2 under
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synchronous condtions showed an oscillation in RNA transcript levels but not in the
protein levels. What is surprising about this oscillation is the fact that the transcript
was induced before the light was turned on (Figure 5.4 B).
To determine whether light is needed along with low C 0 2 conditions for the
induction of CA in synchronous conditions, I grew C. reinhardtii synchronously
under high C 0 2. I, then, placed the cells on low C 0 2 conditons immediately after
the lights were turned off at the beginning of the dark period. The cells were in
complete darkness when they were switched to low C 0 2 conditions. Samples taken
at the end of the dark period showed that the CA protein and RNA transcript were
induced before the lights were turned on. These results imply that, at least in
synchronous cells, light is not absolutely required for the induction of the CA
transcript in C. reinhardtii. This is in marked contrast to asynchronous cells where
the need for photosynthesis and light has been well-documented with experiments on
photosynthetic mutants (Spalding and Ogren, 1982), the additon of DCMU
(Fukuzawa et al., 1990), and the different qualities of light (Dionisio-Sese et
a/., 1989).
A major question in the regulation of C 0 2 concentrating mechanism is the
nature of the inducing signal. One of the more popular hypotheses argues that the
inducing signal is a photosynthetic or photorespiratory metabolite (Spalding and
Ogren, 1982). A different point of view is that C. reinhardtii senses C 0 2 directly.
Experiments conducted by Spalding and Ogren (1982) and Fett and Coleman (1992)
with low C 0 2-grown cells show that the addition of acetate to the media decreases

84
the amount of CA protein and transcript. This effect was thought to be due to a
reduction in photosynthetic capacity since acetate eventually enters the TCA cycle
and thus serves as an alternate carbon source. Fett and Coleman (1992) showed that
C. reinhardtii cells grown in low C 0 2 conditions and acetate had high respiration
rates which would result in increased C 0 2 inside the cell, mimicking high C 0 2
conditions. In contrast to Fett and Coleman (1992), I grew C. reinhardtii cells in
minimimal medium with acetate under high C 0 2 conditions to determine if these
cells were capable of CA induction. My experiment shows that induction does
occur when cells are transferred to low C 0 2 albeit at a reduced rate compared to
cells grown in minimal medium without acetate. The CA protein is induced by 2
hours on low C 0 2 in minimal medium in contrast to 8 hours on low C 0 2 in acetatesupplemented medium. This result may indicate that C. reinhardtii partially senses
the direct C 0 2 level and partially senses a balance of photosynthetic or
photorespiratory metabolites or a level of metabolite since induction is occuring,
albeit at reduced levels.
In summary, rubisco activase does not appear to be regulated in a manner
similar to the C 0 2 concentrating mechanism. The enzyme acts like that of higher
plants in that the steady-state levels of rubisco activase protein and transcript show
an oscillation when the cells are synchronized for growth. In contrast, CA levels
are strongly influenced by the C 0 2 concentration. The induction does not need light
for induction under synchronous conditions and the steady-state level of CA
transcript shows an oscillation.

CHAPTER 6
TWO PROTEINS INDUCED BY LOW C 0 2 IN CHLAMYDOMONAS REINHARDTII
Introduction
Chlamydomonas reinhardtii and other microalgae, prokaryotic and eukaryotic,
can grow photoautotrophically at low C 0 2 concentrations. When C. reinhardtii is
grown on low COz levels, it exhibits a greater affinity for inorganic carbon for
photosynthesis as compared to cells grown at higher levels of C 0 2. This greater
affinity is the result of C 0 2 concentrating mechanisms that concentrate inorganic
carbon internally to much higher levels than possible by diffusion alone, resulting in a
higher affinity of the cell for C 0 2.
The inducible nature of the C 0 2 concentrating mechanism has been valuable in
determining the proteins and genes needed for growth on low C 0 2. In vivo labelling
experiments of Chlamydomonas with 35S 0 4'2 by Manuel and Moroney (1988) and
Mason et al. (1990) demonstrated the presence of at least five proteins that are
preferentially synthesized on low C 0 2. The molecular weight of the prominent lowinduced proteins are: 42-45 kDa, 37 kDa, 36 KDa, and 20 kDa. An additional
protein of a high molecular weight, 50 kDa, was observed by Spalding and Jeffery
(1989). The only protein that has been conclusively identified is the 37 kDa CA that
has been localized to the periplasmic space. CA catalyzes the interconversion of C 0 2
and bicarbonate thus supplying the cells with C 0 2 that can easily diffuse across the
plasma membrane into the cell. Ramazanov et al. (1992) localized the 36 kDa protein
to the chloroplast envelope and a N-terminal amino acid sequence has been obtained
85

86
(C. Mason, personal communication). The other proteins have not been characterized
as extensively.
In this chapter, I characterized the 45 kDa and the 24 kDa proteins induced by
growth on low C 0 2. I fractionated a wall-less mutant of C. reinhardtii to determine
the location of these proteins and the time course of the appearance of these proteins
was determined. In this chapter, the N-terminal sequence o f the 45 kDa and the 24
kDa protein is presented.

Results and Discussion
In Chlamydomonas reinhardtii, the C 0 2 concentrating mechanism involves a
number of components including a periplasmic CA, a chloroplast envelope protein
(Ramazanov et al. , 1992) and the rearrangement of starch around the pyrenoid
(Kuchistu et al. , 1991, Ramazanov et al. , 1994). Earlier work by Manuel and
Moroney (1988) demonstrated the presence o f four proteins, other than the
periplasmic CA, that are induced by low C 0 2 concentrations. Burow and Moroney
(1993) cloned five classes of genes that are induced by low C 0 2 by differentially
screening a cDNA library with labelled mRNA from low C 0 2-grown cells and high
C 0 2-grown cells. One of the genes has been identified as the periplasmic CA and
another has been identified as an alanine aminotransferase. The identity of the the
three other clones is unknown. The purpose of this work was to further characterize
some of the induced proteins by obtaining the N-terminal sequence. These partial
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sequences would aid in either identifying the proteins or at least linking them to
unknown genes induced when cells are grown under low C 0 2.
In vivo cell fractionation studies using 35S 0 4'2 (Moroney, 1990) showed that a
polypeptide of approximately 22 kDa is present in the intercellular soluble fraction
of cw l5. Spalding et al. (1991) contended that a 21 kDa protein is present in the
membrane fraction as well. Coleman and Grossman (1983c) observed a newly
synthesized 20 kDa protein during adaptation to low C 0 2 concentrations which they
thought initiallly to be the small subunit of rubisco. In Chlamydomonas segnis, two
polypeptides of molecular weight 22 kDa and 20 kDa are induced after two hours in
light in low C 0 2-grown synchronous cells (Badour and Kim, 1986). These proteins
were present even after eight hours in light low C 0 2-grown synchronous cells
(Badour and Kim, 1988). An interpretation of these contradictory data implies that
a family of proteins approximately 20 kDa is induced by low C 0 2. Figure 6.1
shows that a 24 kDa polypeptide is present in the soluble fraction which is induced
by 3.5 hours and remains induced even at 12.5 hours on low C 0 2. For sequencing,
the protein was blotted onto a PVDF membrane and the band corresponding to the
24 kDa polypeptide excised and the filter sent to Baylor Medical School. The Nterminal sequence of the protein is shown in Figure 6.2. Comparison of the Nterminal sequence with known amino acid sequences yielded no matches. Further
work is needed to determine the identity of this protein.
Two other proteins induced by low C 0 2 are the 44 kDa and 46 kDa
polypeptides. When C. reinhardtii cells are placed on low C 0 2 the steady state

88

97.2 kD

50.0 kD

—

>■

35.1 kD

29.1 kD

21.9 k D

>

A 1.5

A 3.5

C 3.5

A 5.5

A 7.5

A 12.5

Figure 6.1: An SDS polyacylamide gel showing the high speed soluble proteins from
high C 0 2-grown cells and low C 0 2-adapted cells (C3.5) at various times after
switching to low C 0 2 conditions (A 1.5, A3.5, A5.5, A7.5, A12.5). The numbers
refer to hours after the change in C 0 2 levels.
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Figure 6.2: N-terminal sequence of the soluble 25 kDa protein induced by low C 0 2.
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levels of the 44 kDa increases to the maximum amount by 2 hours and then
decreases rapidly after 4 hours on the low C 0 2 condition (Manuel and Moroney,
1988). The steady state levels of the 46 kDa also increases to a maximum by two
hours but it decreases slowly and is still visible even 24 hours after the switch to
low C 0 2. Neither the 44 kDa or the 46 kDa polypeptide is labelled within 3 hours
after return to high C 0 2. Moroney (1990) reported that the 44-46 kDa proteins are
present in a high speed membrane fraction (28 000 rpm - 40 000 rpm) and in the
intercellular soluble protein fraction (Moroney, 1990). In my hands, the 44 kDa
protein is present by 1.5 hours after the cells are switched to low C 0 2 but is barely
detectable on SDS-PAGE stained with Coomassie stain at times longer than 3 hours
after the switch to low C 0 2 (Figure 6.3). Although the 44 kDa protein is present in
the membrane fraction, I have not been able to localize this protein in the
soluble fraction (data not shown). Like the 24 kDa protein, this protein was purified
further on a longer gel, blotted to PVDF and sent for sequencing to Baylor Medical
School. The sequence is presented in Figure 6.4. When the sequence was
compared to previously sequenced proteins, it matched perfectly with the large
subunit of rubisco. The sequence of the 44 kDa polypeptide begins at amino acid
100 of the large subunit of rubisco which implies that the first 99 amino acids have
been removed. The only difference in the sequence appears to be the presence of
hydroxyproline at position 5 instead of proline. Since the amino acid sequence of
the large subunit of rubisco is deduced from the nucleotide sequence and the same
codons code for hydroxyproline as for proline, a hydroxyproline is probably present
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Figure 6.3: An SDS polyachrylamide showing the high speed membrane proteins
from high C 0 2-grown cells and low C 0 2-adapted cells (C3.5) and at various times
after switching to low C 0 2 conditions (A1.5, A3.5, A5.5, A7.5, A12.5). The
numbers refer to hours after the change in C 0 2 levels.
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Figure 6.4: N-terminal sequence of the membrane bound 45 kDa protein induced by
low C 0 2. Note that in this sample the proline at position 5 is a hydroxyproline. The
tyrosine at position 1 is equivalent to the tyrosine at position 100 in the full length
deduced sequence of the large subunit of rubisco from C. reinhardtii.
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in the complete amino acid sequence of large subunit of rubisco. The presence of
hydroxyproline in this 44 kDa protein implies that the chloroplast possesses the posttranslational machinery required to convert proline to hydroxyproline. So far, the
44 kDa polypeptide is the first chloroplast protein known to have a hydroxyproline
residue. From my data, it appears that there is a transient degradation of rubisco in
the first few hours after transfer to low C 0 2 conditions. It is unlikely that this
degradation is an artifact of the isolation since this band is not detected at time 0 or
later than 3.5 hours. In addition, when cells are switched to low C 0 2 conditions, a
transient appearance of a band about 45 kDa has been observed by Coleman and
Grossman (1983c) and Manuel and Moroney (1988) using 35S 0 4'2 labelling. The 44
kDa protein is probably the 45 kDa transient protein band and, thus, is not an
induced protein but a degradation product of rubisco in response to low C 0 2
conditions.
The transient degradation of the large subunit of rubisco correlates with the
changes in the pyrenoid morphology observed when cells are adapted to low C 0 2
conditions. In low C 0 2-adapted cells, the deposition of starch begins within 1 hour
of transfer to low C 0 2 conditions and is complete by 5 hours (Ramazanov et al. ,
1994). This deposition of starch may require a reorganization of rubisco in the
pyrenoid that may result in the degradation of the protein.
Furthermore, Winder and Spalding (1991) showed that there is a diminished
synthesis and accumulation of the large and small subunit of rubisco by cells in
response to a switch to low C 0 2 conditions. The amount of mRNA transcript of the
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large subunit of rubisco did not change when the cells are switched to low C 0 2 but
the amount of protein did. Pulse-chase experiments with high C 0 2-grown cw l5
cells and cells switched to low C 0 2 for 4 hours showed that low C 0 2-adapted-cwl5
cells incorporated less radioactivity than high C 0 2-grown cells into the large and the
small subunit of rubisco. They further showed that a modification of the mRNA
structure may have contributed to the decrease in translation by performing in vitro
translation of mRNA.
The key difference in their experiments from my experimental conditions is
they use a longer time for low C 0 2-adaptation: four hours versus one hour implying
that the cells resort to the post-translational degradation of the large subunit of
rubisco when first exposed to low C 0 2 and then switches to translational control of
the large subunit of rubisco. Although the levels of mRNA for the large subunit
remained constant, Winder and Spalding (1991) observed a substantial decrease in
the abundance of rbcsl transcripts in low C 0 2 adapted cw-15 cells but did not see
any difference in wild-type strain 2137. I have observed the same dramatic decrease
of rbcsl transcript in wild-type strain 137 under low C 0 2 conditions (Figure 6.5). If
a special population of large subunit binds only to the protein coded by the rbcsl
transcript, the decrease in the rbcsl transcript may lead to the degradation of this
special population of large subunit. This degradation might continue until
translational control is established since the large subunit would presumably not have
anything to bind to.
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Figure 6.5: A RNA analysis of total RNA extracted from low C 0 2 adapted and high
C 0 2-grown cells probed with the rbcsl gene. Lane CO, C l, C2, C4, C8, C12 :
high C 0 2-grown cells at various times after resuspension into fresh media. Lane
A l, A2, A4, A8, A 12: low C 0 2 adapted cells at various times after resuspension
into fresh media. All lanes contain 5 fig of RNA.
A. RNA blot probed with a cDNA clone of rbcS.
B. Formaldehyde agarose gel of total RNA.
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In this chapter, I have identified a protein that appears when C. reinhardtii
are adapted to low -C02 levels. This protein is a degradation product of the large
subunit of rubisco with a molecular weight of 45 kDa and it appears transiently
during the induction of the COz concentrating mechanism. I have also determined
the N-terminal seqeunce for the low C 0 2-inducible 24 kDa protein. It will be
interesting to see what is the identity of the 24 kDa protein.

CHAPTER 7
DISCUSSION AND CONCLUSIONS
In this dissertation, I have examined the effect of C 0 2 concentration on CA
and several other proteins in Chlamydomonas reinhardtii. Unlike C3 plants which
are limited by atmospheric levels of C 0 2, C. reinhardtii is able to grow efficiently at
these low levels of C 0 2. C. reinhardtii can exist in two different physiological
states. Cells grown under low C 0 2 conditions have increased affinity for C 0 2
leading to increased photosynthesis and decreased photorespiration similar to C4
plants. Cells grown at high C 0 2 conditions are not as efficient in their use of C 0 2
and have high photorespiration rates similar to C3 plants. Adaptation to low C 0 2
conditions is associated with a C 0 2 concentrating mechanism that includes the
enzyme CA and other proteins and genes as well as the rearrangement of the
pyrenoid.
To date, the periplasmic CA was the only protein conclusively identified in
the C 0 2 concentrating mechanism; consequently, this protein has been extensively
studied. One of the initial aims of this dissertation was to isolate and purify other
CAs present in C. reinhardtii, specifically those that might be in the chloroplast.
The cia5 mutant, which does not induce any of the proteins associated with the C 0 2
concentrating mechanism (Moroney et al. 1989), was used so that there would be no
contamination of the preparation with the periplasmic CA during the purification.
Instead of purifying an internal CA, I isolated and purified a CA from this mutant
but N-terminal amino acid sequencing of this newly purified protein showed that this
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protein was the gene product of the cah2 gene that had been recently cloned by
Fujiwara et al. (1990) and not an internal CA. Fujiwara et al. (1990) showed that
this protein was not present in low C 0 2-grown cells and, in fact, was induced when
the cells were placed in high C 0 2 conditions. The regulation of this protein,
therefore, appears to be different from the other periplasmic CA. Since the amino
acid sequence of the two CAs are 95% identical, Fujiwara et al. (1990) postulated
that the cah2 product may be the result of a gene duplication and may have no
known function. Since the amount of cah2 produced is small, I suggest that it more
likely acts as a ’scavenger’ for bicarbonate under high C 0 2 conditions where the
need to convert bicarbonate to C 0 2 is small.
Besides the cah2 gene transcript, another transcript that is present in high
C 0 2-grown cells and not in low C 0 2-grown cells is the rbcsl transcript that codes
for the less abundant small subunit of rubisco. Dr. M. Burow (personal
communication) screened a cDNA library constructed from mRNA obtained from
cells that were switched to low C 0 2 conditions for two hours. He screened the
library with mRNA from high-C02 grown cells and low C 0 2-grown cells. One class
of clones, presumably coding for low C 0 2 induced proteins, hybridized only to
mRNA from low C 0 2-grown cells and not to mRNA from high C 0 2-grown cells.
Another class, presumably coding for high C 0 2 induced proteins, hybridized to
mRNA from high C 0 2-grown cells but not to mRNA from low C 0 2-grown cells. It
would be interesting to compare the regulation of these genes at the molecular level
to see if they are regulated in a similar manner. This regulation of high C 0 2
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induced genes could be compared to the regulation of low C 0 2 genes like the CA
coded by the cahl gene and the alanine aminotransferase recently identified (Z.
Chen, personal communication).
Since rubisco activase is needed for full activation of rubisco at atmospheric
levels of C 0 2 in higher plants, I examined the effect of C 0 2 concentration on this
protein. My results indicate that C. reinhardtii RA is not affected by different levels
of C 0 2. The RA protein levels are not even affected by a change in the carbon
source as evidenced by the addition of acetate to minimal media. This protein could
then serve as a perfect control for experiments determining the low C 0 2 induction of
some gene or protein.
Other proteins besides CA that are known to be induced by low C 0 2 are a 36
kDa chloroplast envelope protein whose identity is unknown; two proteins, in the
43-45kDa range, one of which is transiently expressed and the other protein which is
more persistent during low C 0 2 adaptation; and a family of proteins at 20 kDa that
may be membrane bound or may be soluble. I have identified the transient 44 kDa
protein to be a degradation product of the large subunit of rubisco. The N-terminal
sequence of the 45 kDa protein matches an internal sequence of rubisco. The only
difference is a hydroxyproline instead of proline at position 5 of the degradation
product. Additional experiments are needed to prove that this protein is not just a
byproduct of a general stress on the cells but that the appearance of the protein is
due to the induction of the C 0 2 concentrating mechanism. It is not implausible that
the large subunit of rubisco is degraded very early during the low C 0 2 adaptation
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process since there is a rapid reorganization of the pyrenoid structure (Ramazanov et
al. , 1994) and most of the rubisco is localized to this pyrenoid (Lacoste-Royal and
Gibbs, 1987). I also isolated enough of the induced 24 kDa polypeptide to obtain a
N-terminal amino acid sequnence. Even though the N-terminal sequence did not
match with that of any known protein, this protein may be a part of the C 0 2
concentrating mechanism since it appears at 3.5 hour after the cells have been
transferred to low C 0 2 conditions and persists well after the cells have been in low
C 0 2 for 12.5 hours. In addition, it is one of the proteins missing in the high C 0 2
requiring mutant, cia5. It will be interesting to determine the identity of this
protein. A degenerate oligonuleotide could easily be constructed from the Nterminal amino acid sequence for rapid amplification chain reaction. The
amplification product could be cloned and sequenced. Alternatively, the
oligonuclotide could be used as a probe to screen a cDNA or genomic library. A
peptide could also be synthesized and antibodies raised against it. The antisera
could be used to screen a cDNA expression library. THe positive clones could be
sequenced. The nucleotide sequence may give further information about the identity
of the gene. The oligonucleotide probe could be further used to determine the
expression of the mRNA transcript. The antisera could also be added to the cells to
see if it stops induction of the C 0 2 concentrating mechanism.
In addition to investigating the effect of C 0 2 on CA, which had been welldocumented previously, I looked at the interaction of light and low C 0 2 conditions
on the level of CA protein and transcript. In this dissertation, I have shown that
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steady state levels of CA transcript and RA transcript are affected by light and the
cell cycle. The RA protein levels, like its transcript, change throughout the light
and dark period. However, the two oscillations are different and appear to be
staggered, suggesting translational or posttranslational control of RA. In contrast,
the CA protein levels do not appear to oscillate. These studies also demonstrated
that if cells are grown synchronously, the CA transcript and protein can be induced
in the dark. This is a very exciting discovery since so far the dogma in the field has
been that light and photosynthesis are absolutely required for low C 0 2 induction.
Further research on the promoter elements regulating CA expression is needed to
determine why there is a difference in light requirement between nonsynchronous
cells and synchronous cells. The results of the experiment in which I switched the
cells to low C 0 2 in the dark suggests that C 0 2 is sensed more directly than has been
previously suggested. It will be interesting to see if other genes induced by low C 0 2
are also controlled in a similar manner to the cahl gene product.
Furthermore, I examined the results of growing Chlamydomonas reinhardtii
cells with an additional carbon source and high C 0 2 and then switching to low levels
of C 0 2. This experiment showed that even when acetate is present, the C 0 2
concentrating mechanism is induced as evidenced by CA protein levels, although the
induction is delayed. The signal for low C 0 2 induction is thus low C 0 2 and a
second, unidentified factor.
In summary, I have identified a previously unknown protein that appears
when cells are switched to low C 0 2; I have purified a CA that is present only under

high C 0 2 conditions; I have shown that RA is not affected by C 0 2 levels and
therefore can serve as a control for further studies. The induction of a low C 0 2
induced CA was examined further in this dissertation. I demonstrated that light
not absolutely required for the low C 0 2 induction of this protein and that the
transcript of this CA is affected by light and cell cycle.
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APPENDIX A
THE PYRENOID IN RUBISCO MUTANTS OF CHLAMYDOMONAS
REINHARDTII

Introduction
The pyrenoid is a large protein complex usually surrounded by a sheath of
starch, amylose or paramylon found in the chloroplast stroma in eukaryotic algae
(Gibbs, 1962a, 1962b; Dodge, 1973; Griffiths, 1980; Okada, 1992). It may have
modified thylakoid lamellae that traverse the pyrenoid (Gibbs, 1962a, 1962b; McKay
and Gibbs, 1991; McKay et al., 1991) and a membrane may be present below the
carbohydrate sheath. Various proteins have been localized to the pyrenoid, most
prominently rubisco. In addition, RA has been shown to be present in the pyrenoid
(McKay et al. , 1991). The pyrenoid has been identified in the Chlorophyta,
Rhodophyta, Cryptomonads, Euglenaphyta, brown algae and even diatoms. Among
terrestrial plants, hornworts have a similar structure which contains rubisco. The
exact function of the pyrenoid is not known although a number of physiological roles
have been proposed including a site for starch synthesis, protein storage, and C 0 2
fixation.
Cyanobacteria also have a subcellular structure similar to the pyrenoid called
the carboxysome (Allen, 1984). The carboxysome is surrounded by a proteinaceous
sheath and rubisco has been localized to the carboxysome. carbonic anhydrase also
has been localized to the carboxysome (Price et al., 1992). It has been postulated
that carboxysomes are an important part of the C 0 2 concentration mechanism in the
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cyanobacteria since the localization of carbonic anhydrase and rubisco in the
carboxysome would favor the conversion of the bicarbonate transported across the
plasma membrane to C 0 2 by carbonic anhydrase at the active site of rubisco.
Chlamydomonas reinhardtii is a unicellular alga that is very efficent in its use
of C 0 2. It has the ability to grow heterotrophically on acetate and
photoautotrophically on air levels of C 0 2 (low C 0 2) or elevated levels of C 0 2.
When C. reinhardtii is grown on low C 0 2, it induces a C 0 2 concentrating
mechanism which increases the affinity of the alga for C 0 2. When the alga is
grown under high C 0 2 conditions, it behaves more like a C3 plant with similar
affinity for C 0 2. Like most unicellular, green algae, Chlamydomonas reinhardtii
has a pyrenoid that is intersected with thylakoids. Greater than 90% of the rubisco
present in the cell is in the pyrenoid (Lacoste-Royal and Gibbs, 1987). In fact,
rubisco is so abundant in the pyrenoid that it may form crystalline, polyhederal
bodies. The pyrenoid morphology undergoes rapid and dramatic changes when the
alga is transfered to air levels of C 0 2 after growth on high C 0 2 levels. The change
in pyrenoid morphology correlates with the induction of genes and proteins
associated with the C 0 2 concentrating mechanism (Ramazanov et al., 1994).
The fact that C. reinhardtii can grow on acetate makes it a very good model
for the study of photosynthesis. Mutants lacking key enzymes in photosynthesis can
be easily generated and screened. In this manner, Dr. R. Spreitzer has generated
various rubisco mutants. In this chapter, I examined a nonsense mutant lacking
rubisco, 18-7g-12 (Spreitzer et al., 1985), a missense mutant with an inactive
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rubisco , 10-6C (Spreitzer and Mets, 1980, 1981; Spreitzer et al., 1982), and a
temperature sensitive mutant, 68-4PP, which has a fully functional rubisco at a
permissive temperature but lacks the protein at a more stringent temperature
(Spreitzer et al., 1988; Chen et al., 1990; Spreitzer, 1993) to see if pyrenoid
structure was affected by these mutations. In addition, I examined the pyrenoid
structure in a phosphoribulosekinase mutant of C. reinhardtii, F-60, a cell which
should have normal rubisco but no C 0 2 fixation since the RuBp is not formed (Moll
and Levine, 1970).

Results and Discussion
C. reinhardtii is an excellent model system used extensively in photosynthetic
research since photosynthetic mutants can be easily generated and propagated
heterotrophically on acetate. Using this property, Dr. R. Spreitzer generated a
series of mutants defective in the large subunit of rubisco (for a review, see
Spreitzer, 1993). The first rubisco mutant recovered by Spreitzer and Mets (1980)
had less than 0.003% of the carboxylase activity and an altered isoelectric point.
The mutant contained a single nucleotide change that replaced a glycine with an
aspartic acid at position 171. A second mutant, 18-7G, had a nonsense mutation at
the 5’ end of the large subunit gene resulting in greatly reduced subunit of 65 amino
acid compared with the wild-type subunit which is 475 amino acids. The small
subunit was duly synthesized and processed upon entry into the chloroplast in this
mutant but subsequently degraded due to the absence of the large subunit (Spreitzer
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et al., 1985) (Figure A .l). Since almost all of the rubisco is localized in the
pyrenoid in Chlamydomonas reinhardtii (Lacoste-Royal and Gibbs, 1987), I
examined the pyrenoid structure in these two mutants as well a phosphoribulokinase
mutant, F-60. A representative cell or pyrenoid is shown in Figure A .2 for these
mutants along with wild-type C. reinhardtii grown under the same conditions as the
mutants: notably in the dark and on acetate supplemented media. As seen in Table
A .l, the nonsense mutant, 18-7G which does not have any rubisco in the cell,
contains no pyrenoids. The missense mutant, 10-6c, which does have rubisco
protein levels comparable to wild-type, although the rubisco is nonfunctional,
contains a pyrenoid similar in morphology to wild-type Chlamydomonas reinhardtii
(Figure A .l). A third mutant, F-60, with low phosphoribulokinase activity, was
also examined for the presence of pyrenoids. In this mutant, the rubisco is active
and present in normal quantities but the substrate for the reaction is lacking. In this
mutant, the pyrenoid was normal. These results suggests that an active rubisco is
not needed for pyrenoid formation but that intact rubisco must be present for normal
pyrenoid morphology to occur.
Since these mutants are grown in the dark and under heterotrophic
conditions, the question arises whether the lack of rubisco in the nonsense mutant,
18-7G, is truly a result of the mutation or just culture condtions. To answer this
question, I grew both this mutant and wild-type cells in the dark and transferred the
cultures to light for two days in the presence of DCMU before cell fixation for
electron microscopy. Since DCMU is a photosystem II inhibitor, the addition of
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Figure A .l: An SDS polyachrylamide gel showing the total protein extracts from
different rubisco mutants. Lane 1, 18-7G-12, lane 2, 10-6C, lane 3 F-60, lane 4,
WT2137, lane 5, WT2137-room temperature, lane 6, WT2137-37°C, lane 7, 684PP-room temperature, lane 8, 68-4PP-37°C. All lanes contain 10 ng of protein.
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Figure A.2: Electron micrographs of C. reinhardtii cells grown in the dark in TAP
media. A. Wild-type 2137 cell (9 432X); B. 18-7G-12, the nonsense mutant of
rubisco (9 403X) ; C. 10-6C, the missense mutant of rubisco (17 108X); D. F60,
phosphoribulokinase mutant (17 083X); P, pyrenoid; N, nucleus.
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Table A .l: The number of cell profiles with and without pyrenoid in the different
mutants of C. reinhardtii.

Strain

With
pyrenoid

Without
pyrenoid

Total cell
profiles

Percentage with
pyrenoid

2137

51

291

342

14.9%

18-7G-12

0

342

342

0.0%

10-6C

65

241

306

21.2%

F60

70

265

335

20.9%
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DCMU to the medium decreases photoxidation resulting in less damage by free
radicals to the cell. Normally, 18-7G is highly sensitive to light as has been
previously observed by Spreitzer et al. (1985). As seen in Figure A .3 which shows
a representative cell and Table A.2 which shows the number of cells with pyrenoids,
the nonsense mutant has 0.5% pyrenoids in comparison to 25.1% for wild-type. I
believe that the 0.5% is not statistically significant and may be a result of a revertant
in the cell population.
Another experiment that indicates that rubisco is needed for the pyrenoid to
form was done with the mutant 68-4PP. This mutant has 40% of the wild-type level
of rubisco protein at room temperature, 25°C, but at 35°C, only 10% of the protein
is present (Figure A .l) (Chen et al., 1990). Figure A .4 and Table A .3 show that
68-4PP at room temperature has pyrenoids while at the more stringent temperature
does not have pyrenoids. In contrast, the wild-type has pyrenoids under both
conditions (Figure A .3 and Table A.3). These results corroborate earlier work on
the ac-20 mutant by Goodenough and Levine (1970). This mutant for the most part
did not have pyrenoids. If the pyrenoids were present, they were small and
rudimentary lacking the ’ground’ substance. This mutant was shown to lack
chloroplast ribosomes and that of all the enzymes of the C3 cycle only rubisco
activity was reduced due to a decrease in the amount of the protein present
(Togasaki and Levine, 1970). Since the large subunit of rubisco is encoded in the
chloroplast, the ac-20 would also lack an intact rubisco.
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Figure A .3: Electron micrographs of wild-type 2137 and 18-7G-12 cells grown in
the light in TAP media supplemented with 10 /lcM DCMU. A. wild-type 2137 (14
080X); B. 18-7G-12 (12 073X); P, pyrenoid, N, nucleus.
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Table A .2: The number of cell profiles with and without pyrenoid for wild-type 2137
and 18-7G-12 cells grown in the light in TAP media supplemented with 10 /xM
DCMU.

Strain

With
pyrenoid

Without
pyrenoid

Total cell
profiles

Percentage with
pyrenoid

2137

51

291

342

14.9%

2137
(DCMU)

57

170

227

25.1%

18-7G-12

0

342

342

0.0%

18-7G-12
(DCMU)

1

203

204

0.5%
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Figure A.4: Electron micrographs of wild-type 2137 and 68-4PP cells grown at
room temperature and transferred to 37°C for 24 hours. A. Wild-type 2137-room
temperature (6 080X); B. Wild-type 2137-37°C (9 973X); C. 68-4PP-room
temperature (5 360X); D. 68-4PP- 37°C (11 068X); P, pyrenoid, N, nucleus.
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Table A. 3: The number of cell profiles with and without pyrenoid for the wild-type
2137 and temperature sensitive mutant (68-4PP) o f C. reinhardtii grown at room
temperature and transferred to 37°C for 24 hours.

Strain

With
pyrenoid

Without
pyrenoid

Total cell
profiles

Percentage with
pyrenoid

2137
Room
temperature

51

291

342

14.9%

2137
37°C

21

127

148

14.2%

68-4PP
Room
/temperature

20

138

158

12.7%

68-4PP
37°C

0

89

89

0.0%

In summary, only the physical presence of rubisco is necessary for the
formation of the pyrenoid and the level of activity of the protein does not determine
whether or not a pyrenoid is present.
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